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I, 1.1 ý ''I - "' SUMMARY ý'"0. 
The work described'in this thesis has been concerned with the 
development of electrochemical timingdevices having'wide operational 
temperature rangest'ieee' -45 
0C to +100 0 C. An electrolyte oapable'of 
generating electrodeposits over this'temperature range necessitated 
the employment of non-aqueous media". Based upon their suitability to 
satisfy'such a requirementp"certain non-aqueous elect'rolyte'sy*stems 
were evaluated* 
Solubility and conductivity data were compiled for various salt/ 
solvent'systems; conductivity measurements indicated that a number of 
salts investigated behaved as strong electrolytes in-the'ýnon-aqueous 
solutions. Further characterisation was provided-by various 
qualitative electroreduction studies of a number of salts in the 
solvents pyridinet NpN-dimethylformamide and propylene carbonate. 
Blectrodeposits of silver were generated under varying conditions 
from solutions of silver salts in the solvents pyridinep propylene 
carbonate and NgN-dimethylformamide. Photomicrographs of the plated 
surfaces were obtained. 
The effects of chemical additives upon silver deposits produced 
from such non-aqueous systems were studied with the aid of 
photomicrographs. Reflection electron diffraction was employed as a 
further means of relating the appearance of the electrodeposits to 
their structure. 
Factors such as dendrite formation during the generation of 
deposits at high temperatures and the formation of darkq spongy 
deposits during generation at low temperaturesp were found to be 
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controllable by the employment of suitable additions to electrolytes. 
An electrolyte capable of producing brightq adherent deposits 
throughout the temperature range of -65 
0C to +100 0C was developed. 
This electrolyte was successfully incorporated into two different 
electrochemical devicesq one such being employed in the direct 
measurement of time as a function of currentp and the other device 
being capable of performing both as an indicator of the completion of 
an electrical timing operation and as a discrete component performing 
operations-such as triggering or switching of electrical circuitry. 
Various prototype models of both types of device were constructedp 
each embodying differing features of electrode configuration and 
designp together with the associated circuitry. The models were tested 
to required environmental and design standards.. 
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PREFACE 
Although investigations of non-aqueous electrolytes as potential 
media for electrodeposition have been fairly extensively pursuedp 
most of the work appears to have been concerned with the feasibility 
of generating electrodeposits of those metals which are not obtainable 
from aqueous solutions. Furthert although studies have been made on 
such factors as electrode potentialey conductances and the 
identification of ionic speciesq little work of a quantitative nature 
is published on electrodeposition from such solvents. 
Similarlyp whereas fairly extensive reports on the structure and 
the dependence of the structure of electrodeposits upon factors such 
as current densityp temperature and solution composition, are readily 
available for aqueous systemsp few results of a similar nature for 
non-aqueous media are available. 
As the practical objective of this work has been to develop an 
electrolyte capable of generating electrodeposits throughout the 
temperature range of -45 
0C to +100 0 Cp and which would be suitable for 
adaptation into various forms of electrochemical devicesp certain 
aspects of electrodeposition in selected non-aqueous media have been 
investigated. 
This thesis contains the results of these studies and these are 
presented such that the electrodeposits produced under a varied range 
of conditions and solution compositions may be compared and contrasted 
and thus a clearer picture of the effects and interdependence of such 
factors may be obtained* 
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PART I 
SECTION I 
I* INTRODUCTION TO ELECTRODEPOSITION 
FROM WON-AQUEOUS MEDIA 
-8- 
Blectrodeposition studies from non-aqueous media havey of 
commercial necessityp been preoccupied with the generating of metallic 
deposits of those metals which are not obtainable from aqueous 
solutions. The scope of such studies may be realised from the 
following review. In this literature studyy the metals which are of 
more historical interest (in the sense of electrodeposition research) 
have been treated firstp whilst the remainder of the metallic elements 
are discussed in their general periodic table groupings. 
Of the 73 known metallic elementsp only 30 have been 
successfully deposited from aqueous media, and thus studies have been 
increasingly directed towards non-aqueous solvent/solute systems such 
as those based on liquid organics and fused inorganic salts. Recent 
interest has tended to be centred upon deposition from fused saltsp 
primarily in electrowinning applicationsp in which the often dendritic 
nature of such deposits is of secondary importance- Thus studies from 
non-aqueous media other than from fused salts are of more pertinence 
regarding the generation of electrodeposited coatings andp unless 
noted to the contrary, the term ýion-aqueouslin this thesis refers to 
solvent media not including fused salts. 
In many instances there exists the difficulty in placing too much 
reliance on reports of electrodeposition of certain'metals, as the 
more appearance of a cathodic depositp without corroboratory 
analytical datap is frequently concluded to be evidence of the 
generation of the anticipated electrodeposit. For exampleg iron is 
commonly present as an impurity in solution and may be electrodeposited, 
in certain instancesy either singly or as a codeposit. -Such procedures 
for citing evidence of electrodeposition are indeed the major factor 
affecting the lack of reproducibility of many results. Thusq in the 
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following paragraphsq mention is made wherever electrodeposits have 
been reported without corroboratory evidence in the form of either 
analysis or duplication by other workers. 
Many metalsq such as the alkaline and alkaline earthsp cannot be 
electrodeposited from aqueous solutions as it is impossible to reach 
a high enough potential prior to the onset of hydrogen discharge. 
Further, it has also been found impossible to produce deposits in 
aqueous media of metals which are theoretically depositablet one such 
example being germanium. 
In a consideration of organic solvents. which are in the liquid 
state at temperatures below 100 
0 C; three groups of metals, viz. the 
alkali metalsp the alkaline earth metals and the rare earth metalst 
have attracted a great deal of research. During the early part of the 
century such research had been mainly directed towards the very 
electropositive metals (K. Li and Ca)v whilst aluminium received a 
good deal of attention from 1935 onwards. More recentlyq an increasing 
emphasis has been placed upon investigations into the transition 
metalsp with more effort being expended upon tungsten than upon any 
other metal or indeed group of metals. 
The alkali metals may be deposited from a large variety of 
solventsp the only criterion being that the solvent does not react 
too quickly with the metal and that a high enough Potential may be 
realisedg i. e. the solv6tt should not be reduced at a lower potential* 
Examples of solvents in which alkali metal deposition has been 
1129394 5 
successfully performed include pyridineq propylamine, ethylene 
67' 899 10 
diaminev alcoholst acetonev and POCI 3 
With regard to the electrodeposition. of the alkaline earth 
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metalsp Wood and Brenner have obtained 95% pure beryllium and 
beryllium/aluminium alloys from ethyl ether solutions of 
dimethylberylliump beryllium chloridet beryllium borohydride and 
beryllium aluminohydride 
11912 Beryllium has also been deposited from- 
13 
ether solutions of its alkyls or arylsq And electrodepositiong 
14 
without analytical corroborationg has been reported from liquid 
ammoniaI5 and acetamide solutions 
16 
Calcium has b. een reportedly 
deposited from pyridine solutionsI7 Magnesium has been deposited by 
18 
the electrolysis of Grignard reagentg and Patten and Mott have 
obtained deposits of strontium from salt solutions in acetone! 
9 Barium 
has been electrodeposited from a barium perchlorate in 2-ethoxyethanol 
(cellosolve) electrolyte3o 
The majority of the published reports on the rare earth metals 
relate to lanthanum and cerium. Lanthanum electrodeposition has been 
21,22 
studied from a number of organic solventsq Moeller and Zimmerman 
having reported cathodic deposits of larkthanum. and other lanthanides 
from solutions of rare earth nitr&tes in anhydrous ethylene diamineý3 
Actinium has been depbsited from ethyl alcohol-acetone mixtures 
employing a silver anode 
ý4 
The actinides are generally deposited from 
fused salt bathsq but the electrodeposition of plutonium has been 
reported at a mercury cathode from a solution of dilute plutonium 
chloride/nitrio acid in absolute ethanolý5 Cerium depositiong at a 
very low efficiency, has been reported from pyridinel7 and from 
21 
isoamyl alcoholq and deposits of ytterbium have been evidenced from 
an acetate-citrate solution 
36 
Several of the rare earth metals have 
been obtained as amalgams at a mercury cathode by electrolysis of 
alcoholic solutions of their salts 
27 
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Interest in aluminium coatings for sacrificial corrosion 
protection and other engineering applications has encouraged research 
into the electroplating of aluminiumg whichq although difficultp has 
been found to be a satisfactory method of application 
ý8 In aqueous 
media or from a molten salt bathq hydrogen is preferentially 
evolved 
29930931 The earliest report on aluminium deposition was in a 
32 
patent granted in 1855 to Thomas and Tilleyp their electrolyte being 
based on a potassium cyanide solution. Prior to 19009 more than 20 
patents on aluminium plating were grantedý3 In 19209 Langbein and 
Brannt34 discounted all previous reports on the deposition of 
aluminium from aqueous-based electrolytes. More reliable results have 
since been obtained employing non-aqueous media. The earliest 
35, 
successful report was from Plotnikowq who used a solution of 
aluminium chloride in ethyl bromide and employed carbon electrodes. 
36 This work was confirmed by Patten who used platinum electrodese 
Aluminium, has been obtainedq by a number of workersp from solutions 
of aluminium. bromide and/or aluminium chioride in combination with 
such solvents as ethyl bromidep benzeneg ethyl iodidep nitrobenzeneq 
triethanolamine and tetraethyl ammonium bromideý507-44 Brightt 
adherent deposits of aluminium have also been obtained from an 
aluminium chloride-amine-ethyl ether systeml5946 and Menzel has 
obtained deposits from aluminium chloride/xylene bathB17 Deposits 
have been obtained by the electroreduciion of aluminium Grignard 
48 
compounds in dry ethyl ether, and from an ethereal solution of 
aluminium chloride and lithium hydride! 
9950 Hurley and WiLIr have 
reportedly obtained deposits from a fused ethyl pyridinium bromide/ 
aluminium chloride mixture? 
1952 Aluminium is normally added'to all 
uch organic baths as either the halidep aluminohydridep borohydride :r 
Grignard reagentl3946953954 
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Of the transition metalsp irong cobalt and nickel have been I 
obtained from a large number of solutionsp whilst iron itself has 
been successfully obtained from salt solutions in pyridine55 and 
acetone 
ý6 Electrodeposits of cobalt and nickel have been generated 
from liquid ammonia. 
57958 
and from solutions in formamide and in 
acetamide59 at a temperature of 100 0 C. 
Chromium deposits have been obtained from various non-aqueous 
60 
mediap the most satisfactory being from chromium(III) compounds in 
solution. Acetamidep formamideq and aceto-nitrile urea have all been 
utilised successfully in chromium electrodeposition. 
Manganesep similarly to chromiump may be deposited from aqueous 
media, but several investigators have pursued means of deposition from 
non-aqueous media. No deposition was evidenced from pyridine solutions 
17 16 of manganous chloridep but acetone has proved a satisfactory 
solventp and liquid ammonia solutions of manganous thiocyanate have 
yielded manganese electrodeposits 
In attempting to electrodeposit molybdenump Fink 
62 
reported a 
self-polarisation phenomenag but molybdenum has been deposited from 
alcohol solutions 
63 
andq albeit rather questionably, from liquid 
ammonia; 
64 
the latter report also claiming deposition of unpurified 
rare earth metals from a liquid ammonia solution. 
Silver and coppery due to their ease of reduction, have been 
successfully electrodeposited from a large variety of non-aqueous 
based electrolytes. I. 
Of the transition metals unobtainable from aqueous mediap the 
desirable characteristics of certain of themp viz. titaniumt zirconiump 
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65 
tantalumq tungsten etc., have attracted a great deal of attention. 
Until the successful electrodeposition of titanium and zirconium 
alloys from solutions of their tetrachlorides with aluminium 
borohydridep aluminium chloride and lithium hydride in ethyl ether 
66 
solutionsv no conclusive evidencep in spite of published literature 
66967 
suggesting the contrary , of the electrodeposition of titanium, 
zirconium and tungsten was evident. 
Titanium may be electrodeposited from electrolytes of similar 
composition to those used for the deposition of aluminiump although 
recent interest appears to have been focused upon molten salt baths. 
Zirconiump as titaniump is about as electropositive as beryllium or 
aluminium and thus it is doubtful whether either has been electro- 
deposited from aqueous solutions. Zirconium deposition has been 
reported from a solution of its oxychloride in butanol 
f8 
Researchers 
66 
at the American National Bureau of Standards studied the electro- 
deposition of titanium and zirconium from non-aqueous media and found 
that ether solutions containing halidesp hydrideog borohydrides and 
organo-metallic compounds of titanium and zirconium were the most 
promising electrolytes. - 
Tungsten and molybdenum have been readily deposited as alloys 
with irong cobalt and nickel from a variety of aqueous-based solutions. 
In 19569 Davis and Gentry 
69 
reviewed the electrodeposition of tungsten 
and concluded that no deposition had been shown to occur from aqueous 
or organic baths. The same workersp however, did succeed in obtaining, 
deposits from fused salt baths containing borates and tungstic oxide. 
Many metals which are obtainable from aqueous-based electrolytes 
have also been deposited from non-aqueous solutions. Zinc and cadmium 
have successfully been obtained from solutions based on 
liquid 
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57v58 70971 0 ammonia and acetoner and on formamide and acetamide at 100 C? 
9, 
zinc itself also being deposited from a pyridine-baeed electrolyte? 
5 
Thalliump whilst also able to be deposited from aqueous mediag 
has been obtained by Yntema and Audrieth58 from solutions of thallous 
iodide and thallous nitrate in liquid ammonia and from solutions of 
thallium salts in acetamide and formamideP Plotnikow and Gorenbein72 
obtained deposits of thallium from an organic bath using ethyl bromide 
as a solvent. The generation of thallium electrodeposits from a 
solution of thallium(I) oxalate and oxalic acid in ethylene glycol has 
also been reportedT3 
. 
Germanium deposits have been reported by Fink and Dokras74 from 
glycol solutions of GeI 4; these two workers also concluded that 
deposits of germanium reported from aqueous media were limited to thin 
metallic flashes. The codeposition of germanium with other metals has 
also been studiedT5' 
Ting bismuthq antimony and arsenic have all been deposited from 
olutions of their chlorides in acetone57 and in glacial acetic 
76P77 
cidg with tin itself having been deposited from solutions in 
formamideg liquid ammonia and in acetamide59 at a temperature of 100C'C. 
Arsenic electrodepositiong even though successful commercial solutions 
for such are availableg has been studied from non-aqueous media. Among 
78 
the solvents investigated were etherv nitrobenzene79 abetic 
anhydride 
80 
and liquid ammonia 
ýl 
Although antimony may be electro- 
deposited relatively easily from aqueous solutionep the lack of 
ductility Of such deposits has led to its deposition from non-aqueous 
media being studiedflP79-82 
Studies relating to electrodeposition from non-aqueous media 
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other than in the context referred to above confine themselves to 
research undertaken in the development of high energy density 
batteries for aerospace use. As one of the requirements is for 
operation over an extended temperature range, a variety of non-aqueous 
solvents have been reviewed; 
83 
the cyclic estersp in particular 
propylene carbonatep having been extensively studied. 
The cyclic esters were critically evaluated by Harris 
84 
in terms 
of their ability to form ionising media and generate electrodeposits. 
Furtherg work employing such compounds as solvents in aluminium, 
electrolytic capacitors 
85, 
was also undertaken. In this instancep the 
capacitors utilised an electrolyte of a condensed alkyl phosphate 
dissolved in propylene carbonate and a substituted ammonium salt 
dissolved in Propylene carbonateg butyrolactone or valerolactone. 
Recent work86 has concluded that ethylene carbonate would also be 
suitable for use in non-aqueous battery development. 
-16- 
PAPT I 
SECTION I 
2., INTRODUCTION TO STRUCTURE 
OF ELECTRODEPOSITS9 AND 
FACTORS INFLUENCING STRUCTURE 
-17- 
The properties of metal deposits are determined principally by 
the size and arrangement of the individual crystals or crystal 
aggregates. Under given conditionsp the type of crystal structure 
produced may be said to be dependent upon the relative rates oft- 
(1) Formation of nuclei - from which new crystals develop. 
(2) Growth of existing crystals. 
In generalq conditions favouring (1) will favour the production of 
finer grained deposits. 
Factors that result in an increase in cathode polarisation tend 
to produce more broken crystal structures. In more extreme casesp 
powdery deposits will resultq but intermediate forms of deformationg 
such as 'twinning' may occur* 
Effect of Operating Conditions on Structure 
Current Density 
Within certain limitsq an increase in current density will 
decrease the crystal size; a reduction in grain size being associated 
with increased hardness and lower ductility of the metal depositsp a 
probable exception occurring if other metallic impurities are present. 
There is a tendency for rough or 'treed' deposits to occur when the 
current density exceeds a limiting value for a particular bath and 
temperature. Vertical growth is sometimes so rapid that marked 
acicular or needle-like deposits form as almost isolated crystals. 
Still further increases in current density result in spongy or burnt 
depositsq these usually containing inclusions of basic salts or 
hydroxides. Glazumov 
87 
has shown that this occurs in the deposition of 
silver from silver nitrate solutions. 
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ARitation 
Agitationg by facilitating the replacement of metal ions etc. at 
the cathode surfacep permits the employment of higher current 
densities. 
Temperature 
In generalg an increase in temperature causes an increase in 
crystal size - corresponding to a decrease in polarisation. This is 
normally effectively counteracted by the employment of higher current 
densities. Also at higher temperaturesp the solution will have a 
higher conductivity which may be partly due to the increased 
solubility and dissociation of the metal salt. 
Effects of Composition of the Solution 
An increase in metal concentration will normally reduce cathode 
polarisationy with a resultant increase in crystal size. The formation 
of dendrites ist to a certain extentp dependent upon the concentration 
of solute; whether or not dendrites will grow being dependent 
primarily upon the ratio between current density and solute 
concentration. In studies conducted on the potentiostatic growth of 
silver from molten KNO 3 -NaNO 3+ AgNO 3' 
88 
it was concluded that 
dendrites will not growy for a given current densityp if the 
concentration of Ag 
+ is sufficiently highq and for a given Ag 
+ 
concentrationg below a certain current density. 
Addition Agents 
That the addition of certain organic substances to electroplating 
solutions will affect to a great extent both the conditions of 
formation and the physical properties of the electTodeposits is a well 
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known 
89 
and a much applied practice* One important characteristic of 
such additions is the low threshold at which their action becomes 
effectivey amounts as low as 107-12 moles per litre having been found9o 
to produce significant morphological changes in a crystal. In view of 
suc h low active threshold limitsq it is probable 
91 
that some of the 
characteristics of crystals grown from 'pure' solutions may be 
attributable to the presence of traces of impurities. 
Although the accumulation of addition agent, or degradation 
product of suchv in a layer adjacent to the cathode appears capable 
89 
of affecting the deposition process to some extentq the basic action, 
Of the addition agents appears to arise from their adsorption on the 
cathode surface. Taft and Horsley 
92 found a correlation between 
surface activity of organic acids and their brightening effects on 
silver deposited from silver nitrate solutions. No general answer can 
be given regarding the addition agent once it has been adsorbed on the 
surface; as in some cases it appears to be actually buried into the 
growing deposit whilst in others it is electrochemically reduced to 
less adsorbable species which return to the solution? 
3 
Effects of Physical Properties of the Solution 
Factors such as resistivityp viscosity and surface tensiong'which 
all play a part in the rate at which ion transfer can occur in 
electrolyte solutions are also of importance. For exampleg the use of 
highly viscous solutions will not facilitate the replacement of metal 
ions at the cathode surface and will thus impose limitations upon 
employable current densities. 
Effects of Substrate 
Not only may imperfections in the surface finish of the substrate 
-20- 
be replicated in the subsequent electrodeposity but also reproduction 
of the substrate crystal structure may occur. For exampley Finch and 
Williams94 have reported that preferred orientation of deposited 
crystals may be dependent upon the effects of the substratum until 
the deposit is 3/um (309000R) thick. 
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PART I 
SECTION II 
MATERIALS AND PURITY 
--r 
ý- -22- 
Solvents 
Waters Conductivity water was, prepared by passing freshly 
distilled water successively through the two ion exchange resins 
Deacidite HXlP (anion exchange resin with a mixed bed functional 
group) and Zeo-Carb 225 (cation exchange resin with an R-SO- 3 
functional group). The two resins were manufactured by the Permutit 
Company Ltd. and were supplied by BDH Chemicals Ltdo 
Propylene Carbonates Propylene carbonate was received as 'Puriss' 
grade material from Koch-Light Laboratories Ltd. p and was purified by 
vacuum fractionation employing a 10sl reflux ratio, at 8 mm pressure 
and at a temperature of 105 
0 C. ApproximatelY 4% of the total was 
rejected as either high or low boiling impurities. The propylene 
carbonate thus purified was stored over Molecular Sieve (Linde 4A). A 
sample of this fractionally distilled Propylene carbonate had a 
specific conductance of 3.2 x 10-9JI71m7l (at 220C). 
EThe 
specific 
conductance of propylene carbonate as received was 8.0 x 10-8 -Clm7l 
(at 220C) .1 This was foundq using vapour phase gas chromatographyp to 
correspond to a water content of less than 0-003 weight percent. The 
water content of propylene carbonate as received was found to be 
approximately 4%; this value was reduced to approximately 0.6% after 
drying for one week over Molecular Sieve (Linde 4A). 
N, N-Dimethylformamides N, N-Dimethylformamide was received as 
'Puriss' grade material from Koch-Light Laboratories Ltd* Drying for 
one week over Molecular Sieve (Linde 4A) reduced the water content 
from 0-7% to 0.1%. Prior to usep the NpN-dimethylformamidep as 
receivedp was passed through'a column of Molecular Sieve 
(Linde 4A) 
and then fractionally distilled; the fractionate distilling at a 
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temperature of 152 0C- 1540C. This solution was stored in a tightly 
stoppered bottle over Molecular Sieve (Linde 4A). 
Pyridines Pyridine was supplied as 'Analarl grade material by 
Hopkin and Williams Ltd. v and was purified by fractional distillation, 
the fraction distilling at 114 0C- 116 0C being collected and stored 
over Molecular Sieve (Linde 4A) in a tightly stoppered bottle. 
Solutes 
Wherever possiblev all solutes were 'Analarl grade laboratory 
chemicalsp and were used without any further purification apart from 
drying. All other salts used were recrystallised from the appropriate 
solvent and dried. Chemicals employed as additions to electrolyte 
solutions were used as supplied at the purity and from the source 
stated below* 
Sources and Purity of Other Chemicals 
Substance Grade Source 
Diphenylamine Analytical Reagent Hopkin and 
Williams Ltd. 
Tribenzylamine Laboratory Reagent 
Quinol Laboratory Reagent 
Peptone Bacteriological Grade 
Laboratory Reagent 
Glycerol Analytical Reagent 
Phenol Analar 
p-toluidine-2- Fine Chemicals 
'; ulphonic acid 
Ethyl Alcohol Analar 
Rhodamine B Technical Dye 
Ethylene Glycol G, P. R- 
-24- 
Substance 
Dipropylene Glycol 
Carbon Disulphide 
Camphor 
Benzamide 
o-Bromobenzoic Acid 
p-Bromobenzoic Acid 
o-Chlorobenzoic Acid 
Benzoic Acid 
Benzoin (benzoyl 
phenyl carbinol) 
Sulphanilic Acid 
(p-aminobenzene 
sulphonic acid) 
Ammonium Thiocyanate 
Lactose 
m-Aminobenzoic Acid 
Cellobiose 
Succinic Acid 
Bromobenzene 
Formic Acid 
Methylamine (33% why 
solution in ethanol) 
Benzene Sulphonic 
Acid (33% w/w aqueous 
solution) 
Acetaldehyde 
Turkey Red Oil 
(oxanthogenate) 
Sodium Thiosulphate 
alycine 
Nexamine 
Grade 
Fine Chemicals 
Analar 
Reagent Grade 
Ge po R. 
Reagent Grade 
G. P. R. 
0. P. R. 
Analar 
G-P. R. 
G. P. E. 
Analar 
Analar 
Fine Chemicals 
Reagent Grade 
Analar 
G. P. R. 
Analar 
Reagent Grade 
Reagent Grade 
Reagent Grade 
Laboratory Reagent 
Analar- 
Analar 
Laboratory Reagent 
Source 
Hopkin and 
Williams Ltd* 
I, 
I 
"1 
I, 
to 
'BDH Ltd. 
t 
I 
I 
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Substance Grade 
Triethanolamine Laboratory Reagent 
Thiourea Laboratory Reagent 
Sulphosalicylic Acid Laboratory Reagent 
Chlorosulphonic Acid Laboratory Reagent 
Metol Laboratory Reagent 
Mannitol Laboratory Reagent 
Manozol 1B (dibutyl 
ester of sodium 
sulphosuccinic acid) 
Preparation of Glassware 
Source 
BDH Ltd. 
Glassware was cleaned in a hot solution of equal parts of 
concentrated nitric acid and waterp and then rinsed with deionised 
0 
water followed by drying at 100 C in an air circulating oven. This 
procedure was observed with all glassware used* 
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PART I 
SECTION III 
EXPERIMENTAL TECHNIQUES AND APPARATUS 
-27- 
Conductivity 
All conductivity measurements were made on an M. E. L. Conductivity 
Bridge (Type No. E7566/3)9 operating on a test frequency of 2.9 kc/8 
through all ranges except the 0.1 - 10 Jr 
6 
scalep and balance being 
obtained by means of an electron beam indicator. An immersion cell 
(Type E7591)9 as supplied by the M. E. L. Equipment Co. Ltd. p was 
employed in taking measurements of conductivity. 
Solubility 
Solubility measurements of a quantitative nature were performed 
in a round bottomed 50 ml flask; the temperature of the solution 
being maintained to within 0-03 0C of the stated value in a3 litre 
capacity thermostatically controlled water bath. To a 25 ml aliquot 
of the solvent contained in the flaskp approximately 10 gms of salt 
were addedp the container then being stoppered and shaken mechanically 
for a period of 4 hours. A sample of such a solution was then 
withdrawn and analysed for silver. 
Qualitative Electrodeposition 
For the preliminary investigations into electrodeposition from 
the selected non-aqueous mediag two types of cell were employed. One 
was constructed as in Figure 19 such that an anode of the required 
metal could readily be introduced into an electrode compartment. The 
anode to cathode distance was 50 mm in all instances and the cathode 
material was platinum. The two compartments were separated by a 
sintered glass disop and agitation was provided-in each by means Of 
an immersedg rotatingg glass-sheathed magnet. 
A further form of cell was constructed from a 100 ml beakerg in 
which 10 mm diameter 44 swg platinum discs served as electrodes, these 
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being 50 mm apart. External electrical connection was made to each 
electrode by means of a spot-welded platinum wire; the wire passing 
through and being sealed into the wall of the glass beaker. Agitation 
was effected by means of an immersedq rotatingg glass-sheathed magnet. 
This apparatus is shown in Figure 2. 
Electrodeposition of Silver 
For the experiments on silver electrodepositiong during which the 
effects of various factors on the nature of the deposits were studied 
by the use of photomicrographsp the apparatus as illustrated in 
Figure 3 was employed. 
The apparatus basically comprised a 50 ml tall-form beaker 
located in an oil bathp the whole being maintained at a constant 
temperature by means of a magnetic stirrer/hotplate unit. Solution 
agitation was provided by an immersed magnetp the rate of rotation 
being constant in all the experiments conducted. The anode material 
was silverp in the form. of 0,111 diameter Grade 1 silver rod as 
supplied by Johnson Matthey Metals Ltd. 'The cathodeq in each instance, 
comprised a strip of platinum of dimensions 2-5 cm x 0-5 cm9 immersed 
to a depth of 1*25 cm in the electrolyte. The platinum was supplied as 
44 swg (0-032")p Grade 4 platinum foil by Johnson Matthey Metals Ltd. 
The anode to cathode distance was 3-5 cm during all the experiments. 
After electroplatingg a section of the cathodep 0-5 cm x 0-5 cmt 
was removed, washed in alcoholp driedl and retained in a stoppered 
test tube prior to photomicroscopy. The remaining portion of the 
electroplated platinum was allowed to dry and then was abraded as a 
means of qualitatively evaluating adhesion. 
To ensure reproducibility of resultst all of the electrodeposition 
(cont'd on P-32) 
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experiments were repeated and photomicrographs were obtained of the 
resulting deposits. This procedure was observed in all experiments in 
which specimens were examined by photomicroscopy. 
Photomicroscopy 
All photomicrographs were taken on a 'Cambridge Stereoscan 
Mark IIAI instrument, and the following settings were usedv unless 
noted to the contrary. 
Operating Voltages 30 kV 
Apertures 1 
Gamma Controls 1 
Exposures 40 
Collectors Normal 
Tilts 45 0 
screen Sizes 105 = square 
(The aperture 1 is a general setting for high resolution; 
an aperture Of 3 produces a greater depth of focus) 
True values of magnification given against individual photo- 
micrographs were calculated from the ratio of the photograph frame 
size to the screen size of the instrumente 
Electrodeposition at Low Temperatures 
The electrodeposition experiments at low temperature were 
conducted in a L. E. C. low temperature cabinet; the electrolytic 
system being allowed to equilibrate at the required temperature 
before electrolysis proceeded. 
Suppression of Dendritic Growth 
For these experimentsy in which addition agents were employed 
in 
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electrolytes to suppress dendritic growth formationsg an apparatus as 
shown in Figure 4 was employed. This was constructed as basically a 
standard electroplating 'bent cathode' testq except that in this 
instance the throwing power of the solutions was of minor importance. 
The cathode was constructed from a3 cm strip of 44 swg (0-03211) 
platinum foilp and solution agitation was again by means of an 
immersedv rotating magnet* 
Electrodeposition from Sealed Systems 
As any electrochemical device would consist of a sealed unitp in. - 
the sense that the electrolytic system would be contained within a 
small volume without means of solution agitationy this was simulated 
in-the apparatus shown in Figure 5. The unit basically comprised an 
anode machined from spectroscopically pure silver rodq a cathodet 
formed from a spot-welded platinum disc assemblyp and a glass housingg 
both electrodes being sealed through the glass housing by the 
incorporation of glass/platinum seals. The anode seal was made via a 
platinum tube which was sealed. into a hole bored down the length of 
the anodeg such that the unit could be readily filled with-electrolyte 
under vacuum and then sealed at any required temperature. The units 
constructed in this manner had the dimensions 32 mm x6 mm diameter. 
Electro-tinned terminal caps were fitted to the unit after sealing 
such that electrical connections could be readily made. 
Degreasing Electrode Materials 
Electrodes of platinum used in experimental work were thoroughly 
degreased in a trichloroethylene vapour degreasing unit prior to use. 
All other electrode materials were degreased and deoxidised prior to 
their being used for any electrodeposition studies. 
(cont'd on P-30 
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Power Supply 
In all the experiments on electrodepositionp a Kingshill 
Model 200 stabilised power supply unit was employed. 
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One of the main objectives of the work was to develop an. 
electrolyte capable of generating electrodeposits over a temperature 
range of at least -45 
0C to +100 0 C. Commercial systems based upon 
aqueous electrolytes have been developed which were capable of 
generating deposits over the temperature range of -200C to +1000C, 
albeit not satisfactory ones at the lower and upper temperature 
limits because of dendritic growth formation and appearance? 
5 
Extension of the lower end of the temperature range is dependent 
upon finding a suitable aqueous solution with a freezing point 
depression of around -50 
0 C. The depression of the freezing point 
is given approximately by the following equations 
AT = Em ............................. 
(j) 
where m is the solute concentration in moles per 1000 grams of solventq 
and K is the molal depression constant; for water# K ýs 1.86. The 
freezing point depression is therefore limitedq especially at low 
temperaturesp by solubility* Even the salts most soluble in waterg 
viz. lithium chloride, lithium bromideq ammonium nitratep sodium 
hydroxide and potassium hydroxidev have saturated molalities of about 
20 and maximum freezing point depressions of about 37 0 C. This figure 
could possibly be improved by the inclusion of an organic additive 
such as ethylene glycol. 
Water owes its excellence as a solvent for ionic solids to its 
high dipole moment (1-84 Debyes)q and related dielectric constant (82)9 
which results in disruption of ionic crystal lattices and hydration of 
ions in solution. Substitution of one hydrogen in water byq for examplep 
a methyl groupq giving methyl alcoholq results in a reduction of dipole 
moment and the solubility of ionic solids is correspondingly reduced. 
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The reduction of solubility is also enhanced by the increased 
molecular size which causes sterio hindrance to solvent molecules 
surrounding the ions. 
The majority of non-aqueous solventsp even those with dielectric 
properties similar to those of watert are inferior solvents compared 
with water due to their large molecular sizes. Solubilities of ionic 
compounds in non-aqueous media will therefore be lower than in water 
and so the corresponding freezing point depressions will be reduced to 
perhaps only a few degrees centigrade below the freezing points of the 
non-aqueous solvents. 
The physico-chemical properties of solvents which are of 
importance, in this inBtancep regarding their suitability for 
electrolytic operation are; (a) melting and boiling pointep 
dielectric constant, (c) viscosity and (d) toxicity. 
(a) Melting and Boiling Points 
These properties will indicate the approximate useful temperature 
range. The liquid range willq of courseq also be affected by the type 
and quantity of dissolved salt as well as the use of sealed or open 
systems. 
(b) Dielectric Constant 
In the concentrated solutions normally employed as electrolytes, 
the oppositely charged ions attract each other in accordance with 
Coulomb's Lawt which states that$- 
61-e2 
D. r2 
where F is the attractive forcep e the ion chargep D is the dielectric 
oonstantl and r is the distance between the ions. 
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In order to separate the charged ionsp to allow the maximum ion 
mobilityp and to obtain maximum electrolytic conductivity, it is 
necessary to greatly reduce the electrostatic forces which are 
stabilising the crystals of an ionic solid. This is accomplished by 
surroundingg or solvatingg each charged particl e with a solvent layer 
of high dielectric "nstant. 
If the dielectric constant is lowv the association of the ions 
into non-conducting pairs or triplets will be facilitated, thus 
reducing the effective number of free ions available to transport 
current through the solutiong resulting in a low conductivity. 
(0) viscosity 
Since the conductivity of electrolytic solutions is a measure of 
the rate at which the ions migrate under the influence of an electric 
fieldo frictional forcest i. e. the viscosity of the solutiong assume 
an important role. In order to achieve the highest mobility the 
viscosity should preferably be low. 
Factors affecting the viscosityp and hence the conductivityt are 
the size of the migrating ion which in turn will depend upon whether 
the ion is complexed or not, the degree of solvationp the 
crystallographic radius and the temperature. In generalp an increase 
in molecular size or a decrease in temperature will increase the 
viscosity. 
(d) Toxicity 
The slectrolytev in this instance, should preferably be non- 
corrosive and non-toxic. Other properties that an electrolyte should 
possess are low vapour pressure and compatibility with electrode 
materials* 
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On the basis of their possessing the above characteristicsq the 
solvents propylene carbonatey NgN-dimethylformamide and pyridine were 
selected as potential media for investigation. Their relevant physical. 
properties together with those of watery for comparisong are tabulated 
below. The references by the values relate to the source of 
information; the values of K (molal depression constant) for propylene 
carbonate and NgN-dimethylformamide were approximated experimentally. 
Solvent Dielectric Viscosity 
Melting Boiling 
0 Constant (centipoise) Point (OC) Point ( C) 
Water 78954 96(250C) 1-00 96(200C) 0 96 100ý6 
Propylene 64-484(250C) 2,2084(25oC) -49.284 253 
84 
Carbonate 
NqN-Dimethyl- 26'*697(25oC) 0.8097(250C) -6197 153 
97 
fOrmamide 
Pyridine 12-5 9T(200C) 0-95 97(200C) -40-797 : L3.! j. 597 
As can be seen from the table, the selected solvents are all 
liquid over the required temperature range. Propylene carbonatep 
whilst having a high dielectric constantp has a relatively high 
viscosity* Pyridiner howeverp with a lower dielectric constantg has 
also a lower viscosity. NgN-Dimethylformamide appears a particularly 
promising solvent in terms of its dielectric constant and viscosity, 
as well as having a lower melting point than the other two selected- 
solvents. 
1.86? 6 
12 
5-5 
4-97 98 
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Prior to undertaking any work on electrodepositiong the 
solubilities of various salts in the solvents propylene carbonatel 
NIN-dimethylaformamide and pyridine were qualitatively eva. luated. 'These 
results are tabulated below; all the experiments having been conducted 
at 25 
0C (10-500- 
. 
Salt Solvent and Solubility 
N, N-Dimethylformamide Propylene Carbonate Pyridine 
Ammonium 
Ceric 
Nitrate 
Aluminium 
Nitrate 
Aluminium 
Fluoride 
Aluminium 
Chloride 
Aluminium 
Oxide 
Aluminium 
Potassium 
Sulphate- 
Antimonous 
Trichloride 
Antimonous 
Trifluoride 
Arsenious 
Oxide 
Barium 
Acetate 
Barium 
Chloride 
Barium 
Iodide 
Barium 
Nitrate 
Soluble Slightly soluble 
-orange solution. -yellowish orange. 
Virtually insoluble. Insoluble. 
Soluble 
-yellowish. 
Insoluble. 
Soluble Soluble Virtually 
-cloudy white. -colourleBB. insoluble. 
Virtually insolubles Insoluble. Insoluble. 
Insoluble. Insoluble. Insoluble. 
Slightly soluble Slightly soluble Insoluble. 
-colourless. -colourless. 
Slightly soluble Virtually Soluble 
-colourless. insoluble. -white. 
Soluble Insoluble. Insoluble. 
-colourless. 
Soluble Virtually Insoluble. 
-white. insoluble. 
Insoluble. Insoluble. Insoluble. 
Insoluble Insoluble Insoluble. 
Slightly soluble Virtually Slightly 
-pale yellow. insoluble. soluble - 
pale yellow. 
Insoluble. Insoluble. Insoluble. 
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Salt Solvent and Solubility 
NgN-Dimethylformamide Propylene Carbonate Pyridine 
Beryllium 
Oxide 
Bismuth 
Oxycarbonate 
Bismuth 
Nitrate 
Bismuth 
Trichloride 
Cadmium 
Acetate 
Slightly soluble 
-whitish. 
Soluble 
-white solution* 
Insoluble. 
Slightly soluble 
-whitish solution. 
Virtually insoluble. 
Slightly soluble 
-whitish. 
Soluble 
-white solution. 
Virtually 
insoluble. 
Slightly 
soluble 
-whitish. 
Cadmium 
Chloride 
Cadmium 
Fluoride 
Cadmium 
Iodide 
Cadmium 
Nitrate 
Chromic 
Chloride 
Chromic 
Fluoride 
Chromic 
Nitrate 
Cobaltous 
Acetate 
Cobaltous 
Chloride 
Cobaltous 
Nitrate 
Slightly soluble 
-cloudy white. 
Slightly soluble 
-whitish solution. 
Insoluble 9 
Virtually insoluble. Insoluble. 
Soluble 
-Whitish solution. 
Insoluble. 
Insoluble. 
Soluble 
-green solution. 
Slightly soluble 
-pale green solno 
Slightly soluble 
-dark blue soln. 
Slightly soluble 
-cloudy white. 
Insoluble* 
Insoluble. 
Insoluble. 
Insoluble. 
Insoluble. 
Soluble 
-purple solution. 
Soluble 
-blue solution. 
Soluble 
-pink solution. 
Virtually 
insoluble. 
Soluble 
-blue solution* 
Soluble 
-purple/pink soln. 
Cobaltous Insoluble. Insoluble. 
Sulphate 
I 
Insoluble. 
Virtually 
insoluble. 
Insoluble. 
Insoluble. 
Slightly 
soluble - 
cloudy white. 
Insoluble. 
Insoluble. 
Soluble 
-green soln. 
Insoluble. 
slightly 
soluble - 
blue soln. 
Soluble 
-purple soln. 
Soluble 
-purple soln. 
Slightly 
soluble - 
red soln. 
Insoluble. 
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Salt Solvent and Solubility 
NpN-Dimethylformamide Propylene Carbonate Pyridine 
Cupric 
Carbonate 
Cupric 
Oxalate 
Cupric 
Oxide 
Cupric 
Nitrate 
Cuprio 
Sulphate 
Ferrous 
Iodide 
Ferrous 
Oxalate 
Gallium 
Oxide 
Indium 
Oxide 
Indium 
Sulphate 
Indium 
Trichloride 
Lead 
Acetate 
Lead 
Chloride 
Lead 
Dioxide 
Lead 
Fluoride 
Virtually insoluble* 
Virtually insoluble. 
Insoluble. 
Slightly soluble 
-pale blue soln. 
Slightly soluble 
-whitish solution. 
Soluble 
-dark brown soln. 
Soluble 
-yellow solution. 
Virtually insoluble. 
Soluble 
-pale yellow soln. 
Virtually insoluble. 
Insoluble. 
Slightly soluble. 
Insoluble. 
Soluble 
-green solution. 
Virtually 
insoluble 
Soluble 
-black solution. 
Slightly soluble 
-blue soln. 
Virtually 
insoluble. 
Soluble 
-dark brown soln. 
Virtually 
insoluble. 
Virtually 
insoluble. 
Slightly soluble 
-pale yellow soln. 
Slightly soluble 
-whitish solution. 
Insoluble. 
Insoluble. 
Insoluble * 
Slightly 
soluble - 
pale green. 
Slightly 
soluble - 
pale blue 
Virtually 
insoluble. 
Slightly 
soluble - 
blue soln. 
Slightly 
soluble - 
blue soln. 
Soluble - 
brown soln. 
Soluble - 
yellow soln. 
Insoluble. 
Virtually 
insoluble 
Insoluble. 
Virtually- 
insoluble 
Sliehtly 
soluble - 
colourless. 
Insoluble. 
Soluble - 
black soln. 
Slightly 
soluble - 
whitish. 
Virtually 
insoluble. 
Soluble 
-dark brown soln. 
Slightly 'soluble 
-whitish solution. 
Soluble 
-dark brown soln. 
Slightly soluble 
whitish solution. 
Lead Soluble Virtually 
Iodide -yellow solution. insoluble. 
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Salt Solvent and Solubility 
I 
NpN-Dimethylformamide Propylene Carbonate Pyridine 
Lead 
Oxide 
Lead 
Nitrate 
Lithium 
Iodide 
Magnesium 
Chloride 
Magnesium 
Fluoride 
Magnesium 
Nitrate 
Magnesium 
Sulphate 
Manganous 
Acetate 
Manganous 
Chloride 
Manganous 
Fluoride 
Manganous 
Sulphate 
Ammonium 
Nickel 
Sulphate 
Nickel 
Acetate 
Nickel 
Chloride 
Nickel 
Fluoride 
Nickel 
Nitrate 
Nickel 
Sulphate 
Slightly soluble Slightly soluble 
-yellowish solution. -yellow solution. 
Insoluble. Insoluble. 
Insoluble. Insoluble. 
Virtually insoluble. Insoluble. 
Insoluble* 
Insoluble. 
Insoluble. 
Insoluble 9 
Soluble Soluble Soluble - 
-colourless solno -colourless soln. colourless. 
Virtually insoluble* Insoluble. Insoluble* 
Virtually insoluble. Insoluble. Insoluble. 
Slightly soluble Insoluble* Virtually 
-colourless soln. insoluble. 
Slightly soluble Insoluble. Insoluble. 
-colourless soln. 
Virtually insoluble. Virtually Insoluble. 
insoluble. 
Virtually insoluble. Virtually Insoluble# 
insoluble. 
Insoluble. Insoluble. Insoluble. 
Virtually insoluble. Insoluble. Slightly 
soluble - 
green soln. 
Soluble 
-turquoise blue solno -Insoluble. Insoluble. 
Virtually insoluble. Virtually Insoluble. 
insoluble. 
Soluble Insoluble. Slightly 
-pale green soln. soluble - pale blue. 
Insoluble* Insoluble. Insoluble* 
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Salt Solvent and Solubility 
NgN-Dimethylformamide Propylene Carbonate Pyridine 
Palladium Insoluble. Slightly soluble Insoluble. 
Chloride -brown solution. 
Palladium Soluble Soluble Insoluble. 
Nitrate -red/brown soln. -dark, brown soln. 
Selenium Virtually insoluble* Virtually- Soluble - 
Dioxide insoluble. pale yellow. 
Selenium. Soluble Soluble Soluble 
Tetrachloride -yellow/green soln* -pale yellow soln. yellow. 
Silver Insoluble., Virtually'' Soluble 
Acetate insoluble. colourless. 
Silver Slightly soluble* Virtually Sliihtly 
Carbonate insoluble. soluble - 
yellow soln. 
Silver Virtually insoluble. Slightly soluble Insoluble. 
Chloride -colourless soln. 
Potassium Soluble Soluble Insoluble. 
Silver -colourless soln. -colourless soln. 
Cyanide 
Silver Virtually insoluble. Virtually Virtually 
Iodate insoluble. insoluble. ' 
Silver Virtually insoluble. Virtually Insoluble. 
Iodide insoluble. 
Silver Soluble Slightly soluble- Soluble - 
Nitrate -colourless soln. brown solution colourless 
which darkened* solution* 
Silver Soluble Slightly soluble Soluble - 
Nitrite -colourless soln. -brown solution. colourless. 
Silver Insoluble. Insoluble. Slightly 
Orthophosphate soluble - 
yellow soln. 
Silver Virtually insoluble. Insoluble. Insoluble. 
Oxide 
Silver Soluble Soluble Soluble - 
Perchlorate -colourless soln. -colourless soln. colourless. 
Silver I Virtually insoluble. Insoluble. Insoluble* 
sulphate 
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Salt Solvent and Solubility 
I 
NpN-Dimethylformamide Propylene Carbonate Pyridine 
Silver Virtually insoluble. Virtually Insoluble. 
Tartrate insoluble. 
Silver Virtually insoluble. Virtually Insoluble. 
Thiocyanate insoluble. 
Tellurium Insoluble* Insoluble* Insoluble. 
Oxide. 
Tellurium Soluble Soluble Soluble - 
Tetrachloride -yellow/green soln. -yellow solution. white soln. 
Thallous Slightly soluble* Slightly soluble Insolubleo 
Acetate -colourless soln. 
Thallous Insoluble. Insoluble. Insoluble. 
Carbonate 
Thallous Slightly soluble Virtually Soluble - 
Iodide -pale yellow soln. insoluble. yellow soln. 
Tungsten Soluble Soluble Soluble - 
Hexachloride -orange solution. -green solution. brown soln. 
Stannic Soluble Soluble Soluble - 
Iodide -blood red soln. -orange solution. brown soln. 
Stannic Virtually insolubleo Slightly soluble Soluble - 
Oxide -white solution. white soln. 
Stannous Soluble , 
Soluble Slightly 
Chloride -colourless soln. -colourless solno soluble - 
colourless. 
Vanadium Soluble Soluble Soluble - 
Trichloride -brown/black solne -purple solutiono purple soln. 
Vanadium Insolubleo Virtually Insoluble. 
Pentoxide insolubleo 
Zinc Virtually insoluble. Virtually Insoluble. 
Borate insoluble. 
Zino Soluble Soluble Slightly 
Chloride -colourless solno -colourless solno soluble - 
colourless. ' 
Zinc. Virtually insoluble. Virtually Slightly 
Carbonate insoluble* soluble - 
white soln. 
Zino Virtually insoluble. Slightly soluble# Insoluble* 
Fluoride colourless soln. 
-49- 
Salt Solvent and Solubility I 
NqN-Dimethylformamide Propylene, Carbonate Pyridine 
Zinc 
Nitrate 
Zinc 
Oxide 
Zinc 
Sulphate 
Zirconi= 
Dioxide 
Zirconium 
Tetrachloride 
Soluble 
-pale green solnop 
accompanied by 
violent reaction. 
Virtually 
insoluble. 
Virtually 
insoluble 
Soluble 
-yellow solution. 
Insoluble. 
Insoluble. 
Soluble 
yellow 
solution. 
Due primarily to the ease with which they were able to be eleotro- 
reduced, two solutesp silver perchlorate and silver nitratel were 
studied further. 
Solvent - Propylene Carbonate 
The solubilities and conductivities were found to be approximately 
as followst- 
Silver Nitrate 0-5 grams/100 grams 
Silver Perchlorate 10 grams/100 grams 
8.9 x 10-3. rrlllý-l 
3-4 x 1071SI71m7l 
Silver Perchlorate produced a Pale yellow solution whilst silver 
nitrate produced a colourless solution which decomposed on-'standing to 
give a black precipitateo The conductivity of a silver Perchlorate 
solution (37 g1l) was measured over the temperature range -5eC to +Iooo C. 
The results are shown in Figure 6o 
Soluble Soluble Insoluble. 
-colourless soln. -colourless soln. 
Virtually insoluble* Insoluble. Slightly 
soluble --ý 
white soln. 
Soluble 
-colourless soln. 
Insoluble. 
The conductivity was found to vary linearly b6tween--20 0C and* 
+1000C. Below -20OCp the solution was noticeably viscous. 
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The conductivity of silver perchlorate in propylene carbonate was 
obtained as a function of concentrationp and the equivalent conductance 
at infinite dilution was then estimated by extrapolation of the 
Kohlrausch plot (equivalent conductance vs. square root of 
concentration). This is presented in Figure 7. The plot of equivalent 
conductance versus square root of concentration is linear with a slope 
less than that of the theoretical Onsager slope (see Appendix I). 
Solvent - NIN-Dimethylf rmamide 
Silver perchlorate and silver nitrate dissolved readily in 
NtN-dimethylformamidet the silver nitrate solution darkening rapidly 
upon exposure to light and/or heat. 
Kohlrausch plots of the two systems are presented in Figure 89 
both experimental curves approaching the limiting value of equivalent 
conductance with slopes less than the theoretical values. 
The conductivity of a silver perchlorate solution was found to 
vary linearly with temperature down to -550C (Figure 
Solvent - Pyridine 
Both solutes dissolved readily in pyridinep the silver nitrate 
giving a colourless solution and the silver perchlorate produoing a 
4ery pale yellow soluttion. 
The variation of solubility with temperature of silver perchlorate 
in pyridine Was measured (Figure 9)9 and this showed silver perchlorate 
to be soluble to the extent of 72 grams per litre at -40 
0 C. The 
conduotivity of a silver perchlorate solution was als. o found to vary 
linearly with temperature down to -480C (Figure 6). 
(cont'd. on P-55) 
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Kohlrausch plots oi the two systems sre shown in Figure 10. 
The values obtained for the observed and calculated Onsager slopes 
as derived from the Kohlrausch plots, together with the estimated 
equivalent conductances at infinite dilution for all the systems 
studied are presented in Table 1. 
Discussion and Summary 
The plot of a completely dissociated electrolyte would have a 
slope less than that of the Onsager limiting value, whilst the plot of 
an incompletely dissociated electrolyte would have a slope greater than 
the limiting value? 
9 Where the conductance varies in a linear manner 
with 
dr 
but the slopes are appreciably greater than the Onsager slopes, 
the observed conductance is always lower than the calculated conductancep 
i9e. dissociation is incomplete and not enough ions are available for 
transporting current. 
9 
From the levels of conductivity and the variation of conductivity 
with ooncentrationg silver perchlorate was considered to form strong 
electrolyte solutions in the solvents propylene carbonatep 
NjK-dimethylformamide and pyridinep whilst silver nitrate was considered 
to behave similarly in the solvents Nglf-dimethylformamide and pyridine. 
All five electrolyte solutions gave c7i vs. -Lplots with slopes 
less than the Onsager slopes. The deviation of the experimental slopes 
from the limiting values was greatest with the solvent of lowest 
dielectric constant (pyridine)p whilst the smallest deviation was 
observed with the solvent of highest dielectric constant (propylene 
carbonate). 
This is consistent with the observations Of Fuoss' and Accascina 
100 
(cont'd on p. 58) 
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Conductivity Data 
Temperatures 25 oc 
Solute Solvent Equivalent 
Conductance at 
Infinite Dilution 
(X cm ) 
Onsager 
Slope 
Exptl. 
Slope 
silver Propylene Carbonate 30 -38.6 -38-3 
Perchlorate 
Silver NvN-Dimethvlformamide 75 -195 -70 
Perchlorate 
Silver NIN-Dimethylformamide 43 -165 -105 
Nitrate 
Silver Pyridine 48 -250 -70 
Perchlorate 
Silver Pyridine 53 -240 -18o 
Nitrate 
ABLE1 
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who considered factors such as the increased tendency for the formation 
of ion pairs etc. with decreasing dielectric constant and concluded 
that conductance curves may fall into one of six characteristic 
patterns, depending upon the dielectric constant of the solvent. In 
this treatmentp a continuous transitiont from a curve exhibited by Most 
inorganic 1-1 salts in water and other solvents of high dielectric 
constant with a slope less than the Onsager slope through a series of 
intermediate states to an extreme curve showing a conductance miniml, 
in low dielectric constant solvents. 
r 
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PART I 
SECTION V 
2. QUALITATIVE ELECTRODEPOSITION RESULTS 
-60- 
A range of basically qualitative-electr9deposition experimentsq 
designed to further characterise various selected salt/solvent systems, 
were performed. The following studies were carried out employing the 
apparatus as described on page 27 and illustrated in Figure 1. 
SOLVENT - NgN-DIMETHYLFORRAMIDE, 
Aluminium Fluoride/N9N-Dimethylformamide 
No evidence of deposition was observed. 
Antimonous Trifluoride/NgN-Dimethylformamide 
A saturated solution of the electrolytep found to have a specific 
conductance of 0-37 x 10-2 rClm7l (at 25009 was prepared. At a 
temperature of 18-5 0C and at a current density of 1.08 amps per sqodm. 9 
no evidence of the formation of electrodeposits was observed. 
Bismuth Trichloride/N, N-Dimethylformamide 
The anode material was bismuth and the experiment was performed 
at a temperature of 22 0C and at a current density of 0-54 amps per sq. dm. 
Under such conditionsp anode blackening occurred, accompanied by the 
generation of blackp extremely non-adherent electrodeposits. 
Cobaltous Chloride/N, N-DimethylfOrmamide 
The anode material was cobalt and a saturated solution of the 
electrolyte was employed. At a temperature of 22 
0C and at a current 
density of 1.08 amps per sq. dm. 9 black, non-adherent deposits were 
produced at the platinum cathode. Deposits of an identical appearance 
were produced under the same conditions onto a copper cathode. 
Cobaltous Nitrate/NgN-Dimethylformamide 
The anode material was cobalt and a saturated solution of the 
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electrolyte was employed. At a temperature of 22 
0C 
and at a current 
density of 1.08 amps per sq. dm. cathode blackening occurred. 
Chromic Chloride/NýN-Dimethylformamide 
The anode material was chromium and a saturated electrolyte 
solution was used. At a temperature of 18-5 
0C and employing a current 
density of 1.08 amps per sq. dm. no effective deposition was observed 
but interference colours were in evidence on the platinum cathode. At 
the same temperature and at a current density of 2.16 amps per sq*dm. 9 
evolution of gas at the anode was observed. 
Chromic Nitrate/NqN-DimethYlfo=amide 
Employing a chromium anode and a saturated electrolyte solutiong 
no evidence of electrodeposition was observed at a temperature of 220C 
using current densities of both 1*08 and 2.16 amps per sq. dm. 
Chromic Fluoride/NgN-Dimethylformamide 
Traces of electrodeposits were observed employing a saturated 
solution of the electrolyte at a current density of 1.08 amps per sq. dmot 
the temperature being 22 0 C9 and using a chromium anode. 
- Manganous 
Chloride/N, N-Dimethylformamide 
The anode was of manganese and the electrolyte was a saturated 
solution of manganous chloride in NgN-dimethylformamideo 
At a temperature of 23 
0C and employing a current density of 1.08 
amps per sq-dm-j brightq adherent deposits of manganese were obtained 
at the platinum cathode* The deposits rapidly turned a brown colour on 
exposure to the atmosphere. The electrodeposition was accompanied by 
the evolution of gas at the cathode. 
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At a temperature of 55 
0C and again employing a current density of 
1.08 amps per sq. dm. p very brightt adherent deposits were generated at 
the cathode accompanied by the evolution of gas at such* The deposits 
rapidly turned brown on. exposure to'the atmosphere. 
Nickel Chloride/Nglf-Dimethylformamide 
The anode material was nickel and a saturated solution of the 
-1 -1 
electrolytev having a specific conductance of 1-35JL mp was employed. 
Hydrogen was evolved at the cathode during electrolysis at current 
densities of 0-54Y 1.08 and 2.16 amps per sqedm. and at a temperature 
of 220C. 
Lead Nitrate/NgN-Dimethylformamide 
A lead anode and an electrolyte solution containing 30 grams per 
litre of lead nitrate in NgN-dimethylformamide were used. The specific 
conductance 
. 
of the solution was found to be 0.2-fClm7l at 250C- 
Electrolysis at a temperature of 25 0 Cp and'employing a current 
density of 0.756 amps per sqodm., produced goodq though somewhat darkt 
very crystalline deposits of lead at the cathode. 
Silver Perchlorate/N, N-Dimethylformamide 
Employing a silver anode and using an electrolyte solution 
containing 35 grams per litre of silver perchloratet goody smooth, 
adherent deposits of silver were generated upon electrolysis at a 
current density of 0-54 amps per sq. dm. The temperature of the solution 
was 24 0 C. 
Silver NitrateATtN-Dimethylformamide 
Employing a silver anode and an electrolyte solution containing 
0 25 grams per litre of silver nitrate at a temperature of 23 Cp brightt 
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whites but relatively non-adherent deposits of silver were produced 
upon electrolysis at a current density of 0-54 amps per sq. dm. The 
-1 -1 specific conductance of the electrolyte was found to be 0-151L m 
at 23 0 C* 
Stannous Chloride/N, N-Dimethylformamide 
A tin anode and a saturated solution of the electrolyte were 
employed. At a temperature of 20 0C and using a current density of 
1.08 amps per sq. dm., greyishy though non-adherent deposits-of tin 
were generated. Coverage of the cathode plate area was relatively 
poor and the deposits were a yellowish grey in colour. This 
decomposition was accompanied by the evolution of gas at the cathode 
and by a darkening of the anode surface. 
Zinc Chloride/NgN-Dimethylformamide 
A zinc anode and an electrolyte solution containing 30 grams 
per litre of zinc chloride were used, At a temperature of 23 0C and 
employing a current density of 1.08 amps per sqedmeq dark greyp 
adherent deposits of zinc were produced. The deposits were angular 
and dendritic in nature at the higher current density edge areas of 
the cathode plate, but were relatively smooth in the centre of the 
plate. 
ý At a temperature of 70 0C and employing the same current density 
of 1*08 amps per sq. dm. q the deposits produced were somewhat smoother 
and had a lighter grey colouration* 
Zinc Nitrate/N, N-Dimethylformamide 
A zinc anode and an electrolyte solution containing 30 grams per 
litre of zinc nitrate were employed* At a temperature of 230C and 
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employing a current density of 1.08 amps per sq*dm*j blackening of the 
cathode plate occurred. 
At a temperature of 50 
0C and using the same current densityq matte 
black coloured deposits were producedq accompanied by the anode 
blackening during electrolysis. 
Zinc Sulphate/N, N-Dimethylformamide 
As zinc sulphate was not readily soluble in NqN-dimethylformamidej 
an electrolyte solution containing approximately 5 grams per litre of 
zinc sulphate was used, the anode material being zinc. At a temperature 
of 30 
0C and employing a current density of 0-54 amps per sq. dm. j 
darkening occurred around the edges of the cathode plate accompanied by 
a slight evolution of gas. * 
SOLVENT - PROPYLENE CARBONATE 
Aluminium Fluoride/Propylene Carbonate 
Employing an aluminium anode and a saturated solution of the 
electrolyte, no evidence of electrodeposition was apparent when using 
current densities of between 0-54 and 2.16 amps per sq. dm. at a 
temperature of 23 0 C. 
Bismuth Nitrate/Propylene Carbonate 
A bismuth anode and a saturated electrolyte solution containing 
approximately 6 grams per litre of bismuth nitrate were used for the 
experiment. At a temperature of 22 
0C and employing a current density of 
0-54 amps per sq. dm. 9 light grey, smooth, but non-adherent 
deposits of 
bismuth were generated. At the high current density edges of the 
platinum cathode platev the deposits were black and den. dritic. 
0 At a temperature of 60 C and employing the same current 
density of 
-6 -r, -- 
0-54 amps per sq. dm. p the deposits produced were brightp metallic and 
silvery colouredg but were non-adherent. 
Bismuth Trichloride/Propylene Carbonate 
A bismuth anode and a saturated electrolyte solution were used. 
At a current density of 0-54 amps per sq. dm. and a temperature of 
22 0 C9 light grey colouredq moderately adherent deposits were produced. 
At the high current density edges of the platinum cathode Platep the 
deposits were black and dendritic. 
Employing the same current density of 0-54 amps per sq*dme at a 
temperature of 60 0 C9 light grey coloured, fairly adherent deposits 
were produced. The deposits could be seen to be evidently crystalline 
in the region of the centre of the cathode plate* 
Indium sulphate/Propylene Carbonate 
Employing an indium anode and a saturated solution of the 
electrolytel containing approximately 2 grams per litre of indium 
sulphatep evolution of gas at the cathode was apparent when using 
current densities between 0-54 and 1.08 amps per sq. dm* The evolution 
of gas was not accompanied by any deposition* 
Lead Iodide - Potassium_Iodide/Propylene Carbonate 
Lead iodide, normally insoluble in propylene carbonate, was found 
to dissolve in the presence of potassium iodide to give a deep yellow 
coloured solutiong probably containg complex ions* 
Employing a lead anode and using such a solution containing 
36 grams per ltre of potassium iodide and 90 grams per litre of lead 
iodide; dullq smoothq adherent deposits of lead were Produced at a 
cu 
. 
rrent density of 2.16 amps per sqodm. -, the temperature being 220C. 
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Silver Nitrate/Propylene Carbonate 
A silver anode and a saturated solution of the electrolytep 
containing approximately 6 Crams per litre of silver nitratep were 
used. At a temperature of 24 0C and employing a current density of 0-54 
amps per-sq. dm., smoothp dark, moderately adherent deposits of silver 
were produced. 
Silver Perchlorate/Propyl - ene Carbonate 
Employing a silver anode and an electrolyte solution containing 
37 grams per litre of silver perchloratep whitel though non-adherent 
deposits Of silver were produced at a current density of 0-54 amps 
per sq. dm. and a temperature of 22 
0 C. 
Silver Iodide - Potassium Iodide/Propylene Carbonate 
A ailver anode and a saturated solution of the electrolyteg 
containing silver iodide and potassium iodide in propylene carbonatep 
were employed. The solution had a specific conductance of 0-35SL m 
at 25 
0 C. At a temperature of 24 0C and using a current'density of 1.08 
amps per sq. dm*q smoothp adherentp though somewhat dull deposits of 
silver were produced. 
Stannous Chloride/Propylene Carbonate 
The electrolysis was conducted at a temperature of 23 
0 C9 using 
tin as an anode material and a saturated solution of the electrolyte* 
At a current density of 0.65 amps per sq. dm. v greyishl non-adherent 
deposits of tin were generated. The deposition was accompanied, by 
blackening of the anode and the anode was found, to dissolve upon 
standing in the solution. 
Zinc Chloride/Propylene Carbonate 
The electrolyte was a solution containing 40 grams per litre of 
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zinc chloride in propylene carbonate; the solution had a specific 
2 -1 -1 conductance of 5.63 x 10- UT m at 220C9 and the anode was zince The 
solution proved to be, relatively non-conductiveg but greyp adherent 
deposits of zinc were produced at a current density of 0-54 amps per 
sqodm. 9 the temperature being 22 
0 ce 
Zino Nitrate/Propylene Carbonate 
The anode material employed was zinc and'the electrolyte was a 
solution'containing 30 grams per litre^of zinc nitrate in proPylene 
carbonate. 
At a temperature of 25 0C and using a current density of IeO8 
amps per sqodm. 9 dark grey deposits of zinc were produced. The 
deposits were very dýndritic around the high current density edges of 
the platinum cathode plate. 
At, a. temperature of 250C and using a current density of 0-54 
amps_per sq. dm-q the deposits produced had a light grey, silvery 
appearance. Darki dendritic growth was still in evidence at the edges 
of the'eathode plate. -IIý, . ý, .I 
At a current density of 0-54 amps per sq. dm. and a temperature of 
60 0 C, blackq brittle deposits were produced. 
Ferric Chloride/Propylene Carbonate 
In electrodepositing iron from a ferric chloride/proPylene 
carbonate'systemg an-experiment was carried out with two cells in 
series. The electrolytes used were both saturated solutions of ferric 
chloride in propylene carbonatep one solution having been prepared from 
propylene carbonate containing 4% water and the other solution from 
PrOPylene carbonate containing 0.6% water. The sample having a 4% 
water content was in the 'as received' statep whilst the sample with 
-68- 
the 0.6% water content was obtained by drying the 'as received' 
material for one week over molecular sieve (Linde 4A). In each 
instancep the saturated electrolyte solutions contained 34 grams per 
litre of ferric chloride (anhydrous). 
The two cells each contained an anode of spectroscopically pure 
iron rod and a platinum plate cathode. The experiment was conducted at 
a'temperature of 23 0 C, with the cells connected electrically in series 
and with no agitation of the solution. The 4% water content solution 
was allowed to stand in the air whilst the 0.6% water content 
solution was kept in a dessicator during the eleatrolysise 
A current density of 0.6 amps per sq. dm. j requiring a voltage of 
approximately l5v per cellp was employedp and the resultant iron 
electrodeposits are shown in Plate 1. The deposits produced from the 
'wet' cell were fairly adherent but had large dendritic areasp whilst 
the deposits produced from the 'dry' cell were even but poorly 
adherent. 
At the iron anodes a yellow-brown sludge was formedp more being 
formed in the 'wet' than in. the 'dry' solution. This Was Most probably 
anhydrous ferric hydroxidey Fe(OH) 3; on exposure to air the sludge 
turned a brown colourp probably changing to Fe 2030 
During electrolysis it was apparent from the odour that 
acetaldehyde was formed, the propylene carbonate molecule probably 
fragmented as follows$- 
CH 2 CH - CH 3 1 11 
v -1.. 1%0 C% 
A% 
0 
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PLATE1 
Electrodeposits Of Iron generated from a Ferric Chloride/ 
Pro ylene Carbonate Electrolyte 
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A further range of electrodeposition experiments were conducted 
using the apparatus as described on page 27 and as -shown 
in Figure 2 
on page 30- In all these experiments, the anode and cathode were 
platinum discs. I 
SOLVENT - NiN-DITAE-THYLPORMAMIDE 
Aluminium Fluorideb; tN-Dimethylformamide 
A solution containing 30 grams per litre of aluminium fluoride 
was used as the electrolyte. A current of 0.22 mAj corresponding to a 
current density of 0.028 amps per sqodmol necessitated the use of an 
0' 1,1,1 applied voltage of 10v at 25 Co No evidence of deposition was observedo 
Chromic Chloride/N, N-Dimethylformamide 
jLt a temperature of 24 0C and with an electrolyte solution 
containing 30 grams per litre of chromic chloridep greenishg coarsey 
non-adherent deposits were obtained using a current density of 1.28 
amps per sqodm. 
Cobaltous NitrateMIN-Dimethylformamide 
A solution containing 30 grams per litre of cobaltous nitrate 
was used as the electrolyte. 
At a temperature of. 25 0C and employing a current density, of 
0*255 amps per sq. dm. 9 greenishq roughp moderately adherent deposits 
were produced. 
At a'temperature of 25 
0C and employing a current density of 
1*28 amps per sq. dm. 9 the deposits obtained were dark green in colourt 
rough and again moderately adherent. 
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Cobaltous Chl6ride/N, 11-Dimethylformamide' 
The electrolysis was conducted at a temperature of, 25 0C using a 
solution containing 30 grams per litre of cobaltous chloride as the 
electrolyte. Employing a current density of 0-765 amps per sq. dm., 
reflectivep silvery and moderately adherent deposits of cobalt were 
produced. 
Nickel Chloridý/NjN-Dimethylformamide 
The electrolysis was conducted at a temperature of 25 0C using as 
the electrolyte a solution containing 30 grams per litre of nickel 
chloride. Deposition occurred at a current density of 0-765 amps per 
sq. dm.; the deposits were rough yet adherent and were silvery in 
appearance with some black inclusions* 
Silver Nitrate/NpN-Dimethylformamide 
With a solution containing 30 grams per litre of silver nitrate 
as the electrolytel'at 250CP silveryý-greyv smooth, non-adherent 
deposits were produced upon electrolysis at a current density of 
0., 255. amps per sq. dm. 
Potassium Silver Cyanide/Ngll-Dimethylformemide 
Electrolysis was carried out -using a colourless'electrolyte 
solutionj containing 50 grams per litre'of potassium silver cyanidet' at 
a temperature of 25 0C and employing a current density of 0'. 255 amps per 
sqedme Wider such conditions, light grey deposits of silver were 
generated. 
Using theýsame conditions of-temperaturep current density and 
electrolytep the- only difference being. the addition of 2 grams per 
litre of carbon-disulphide to, the, electrolytep the deposits produced 
were smoothq light grey/silyer in colour and adherent. 
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Potassium Gold Cyanide/NgN-Dimethylformamide 
The electrolyte was a solution containing 11-7 grams-per litre of 
potassium gold cyanidev this corresponding to a gold content of 8 grams 
per litre., At a temperature of 25 0C and employing a current density of 
0-51 amps per sq. dm. l no evidence of deposition was observed. At this 
current densityp gas was evolved from the cathode surface. 
Sodium Cyanide/NgN-Dimethylformamide 
No evidence of electrodeposits was observed from a solution 
containing 30.9rams per litre of sodium cyanidel at a temperature 
of 220C. 
Stannous Chloride/NgN-Dimethylformamide 
Electrolysis was conducted from an electrolyte solution 
containing 30 grams per litre of stannous chloride at a temperature 
of 600C and with the employment of a current density of 0-765 amps per 
sq. dm. Grey, granularg and relatively non-adherent deposits of tin 
were produced. 
Zinc Chloride/NgN-Dimethylformamide 
The experiment was carried out at a temperature of 25 
0C using an 
electrolyte solution containing 30 grams per litre of zinc chloride. 
At a. current density of 0*255 amps per sq. dm. 9 dull greyq coarse, but 
adherent deposits of zinc were produced. Darker deposits were produced 
at a current density of 0-765 amps per sq. dm. j the deposits became 
progressively darker as the current density was increased. 
Zinc Nitrate/N, N-Dimethylformamide 
Electrolysis-was conducted at a temperature of-25 
0C 
using 
solution containing 30 grams per litre of zinc nitrate. At a current 
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density of 0-51 amps per sq. dm. t greyl granularp but moderately 
adherent deposits,, of zinc were generated. The deposits produced became 
darker with the use of higher current densities of the, order, 0-7 to 
1-3 amps per. sq. dm., 
Zinc Sulphate/N, N-Dimeth'yl . formamide 
The electrolysis was carried out at a temperature of 25 
0C using 
an'electrolyte solution containing 30 grams per litre of zinc 
sulphate.. The solution proved to be, relatively non-conductive; a 
current of 2.2 mA9 corresponding to a current density of 0*28 amps per 
sq*dm., required the application of 16-5v. Employing such a, current 
densityl uneveng, coarset blackish-greyp yet adherent deposits were 
produced; the current. fell rapidly during electrolysis to 0-52 mA and 
the solution became a milky white colour from its initial colourless 
state - 
SOLMT PROPYLEITE CARBONATE 
Aluminium Fluoride/Propylene Carbonate 
No evidence of electrodeposition was observed Using an 
electrolyte solution containing 30 grams per litre of aluminium 
fluoride at a temperature of 260C. 
Cobaltous Chloride/Propylene Carbonate 
The electrolysis was conducted at a temperature of 180C using an 
electrolyte solution containing approximately 25 grams per litre of 
cobaltous chloride. At a current density of 0.28 . 
amps Per sq. dm. 9 
which required an applied-voltage of 19-5v, non-adherentj blackish 
deposits were generated on the. centre portion of the cathode disco 
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Cobaltous Nitýate/Propylene Carbonate 
Using a saturated solutionof cobaltous nitrate containing 
approximately 2.5 grams per litre, at a temperature of 18 0 C9 a current 
density of 0.28 amps per sq. dm. required an applied voltage of 19-5v- 
Under. such conditions, a pinkish green colouration was produced on the 
cathode plate*-, 
Silver Nitrate/Propylene Carbonate 
At a temperature of 20 0C and employing a current density of 
5-1 x 10 -2 amps per sq. dm. p the generation of which required an 
applied voltage of 19.6vp blackishy non-adherent deposits of silver 
were produced from a solution containing approximatelY 5 grams per 
litre of silver nitrate., 
Silver Perchlorate/Propylene Carbonate 
At a current density of 1*28 amps per sq. dm. and a temperature of 
20OC9 silvery greyp' non-adherent deposits of silver were generated 
from an electrolyte solution containing 30 grams per litre of silver 
perchlorate. - 
Stannous Chloride/propylene Carbonate 
. 11 ., v. 0 Electrolysis was conducted at a temperature of 20 C using an 
electrolyte solution containing approximately 25 grams per litre of 
stannous chloride. At a current-density of 0-93 amps per sq. dm. 9 which 
required an applied voltage of 19-5vp a non-adherent film Of metal 
was fo=ed on the cathode. 
Stannic Iodide/Propylene Carbonate 
No evidence of deposition was observed from the electrolysis of 
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such a solution at a temperature and current density of 20 0C and 0-076 
amps per sq. dm. respectively. The generation of this current density 
required an applied voltage of 19-5v- 
Zinc Chloride/Propylene Carbonate 
The electrolyte was a solution containing 30 grams per litre of 
zinc chloride and the electrolysis was conducted at a temperature of 
20 0C and a current density of 0-535 amps per sq. dme This current 
density required an applied voltage of 16.2v. Under these conditionsp 
dark grey, rough but very adherent deposits of zinc were produced at 
the cathode. Deposits of a similar nature were obtained at current 
densities as low as 0.12 amps per sq. dm. 
, Zinc NitrEtte/Propylene Carbonate 
Electrolysis was conducted at a temperature of 20 0C using an 
electrolyte containing 30 grams per litre of zinc nitrate. 
:, 'At a current density of 0.255 amps per sq. dmp' blackish deposits 
of zinc were produced. Employing, a current density of 0-79 amps per 
sqodm* requ ired an applied voltage of l9v9 and blackp quite smoothq 
moderately adherent deposits of zinc were generated. 
SOLVENT - PYRIDINE 
-ýI Cobaltous Chlorideftyiidiný 
No evidence of deposition was observed upon electrolysis of a 
solution containing approximately 25 grams per litre of cobaltous 
chloride at a temperature of 23 
0C and a current density of 0.255 amps 
I 
per sq. dm. p such a current density required an applied voltage of 
19*5v- 
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Chromio: Chloride/Pyridine 
No evidence of deposition was observed upon electrolysiB'of a 
solution containing 30 grams per litre of chromic chloride at'a 
0 
temperature and current density of 23 C and 1-3 amps per sq. dm. 
respectively* 
Ferrous Iodide/Pyridine 
From a solution-containing 30 grams per litre of ferrous iodidev 
no evidence of deposition was observed at current densities up'to 
0.61 amps per - sq. dm.; this required an applied voltage'of 19-7v- 
Silver Nitrate/Pyridine 
Tie electrolysis was conducted at a temperature'of 19-50C using an 
electrolyte solution containing 30 grams Per litre of silver nitrate. 
At a current density of 0-38 amps per sq. dm. p light grey deposits of 
silver we re obtained on the cathode plate. At the higher current 
I 
density of 0-76 amps per sq. dm. 9 the deposits produced were brightp 
adherent, and a pinkish grey in colour. 
Silver Nitrite/Pyridine 
Deposition of silver was evidenced using a current density of 
0*25 amps per sq. dm., from a solution containing 30 grams per litre of 
silver'nitritep at a temperature of 220C. At the higher current 
density of-1.1 amps per sq. dm. 9 requiring an applied voltage Of 19-5vt 
the deposits produced were light grey in colourg non-adherenti and' 
exhibited poor coverage. 
Silver Acetate/Pyridine 
A solution containing 30 grams per litre of silver acetate was, 
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as might be expectedp relatively non-conductiveg requiring an applied - 
voltage of 19-5v to produce a current density of 0-33 amps per sq. dm. 
Even sop under such conditions, the temperature being 21 
0 Cy dark grey, 
smoothp non-adherent deposits of silver were generated. 
Silver Perchlorate/Pyridine 
Electrolysis was carried out from a solution containing 30 grams 
0 
per litre of silver perchlorate at a temperature of 25 C. Deposition 
of silver was obtained at a current density of 0-13 amps per sqodm. 
F, mploying a current density of 0-76 amps per sq. dm. 9 smoothp silvery 
greyp moderately adherent deposits were produced. 
Stannic Iodide/Pyridine 
No evidence of deposition was observed from a solution containing 
30 grams per litre of stannio iodide upon electrolysis at a temperature 
of 230C and a current density of 1.28 amps per sq. dm- 
I 
Discussion and Summary 
Metals such as bismuth$ cobaltq manganesep ting lead and zinc 
were found to be capable of being electroreduced from solutions of 
their salts in the-three solvents NgN-dimethylformamide, propylene 
carbonate and pyridine. Silverv in particularp was capable of being 
readily electrodeposited from solutions of its nitrate and perchlorate 
using either a silver or a platinum anode. 
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PART I 
SECTION V 
3- PRELIMINARY SILVER ELECTRODEPOSITION RESULTS 
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The level of conductivity and the variation of conductivity with 
concentration indicates that silver perchlorate and silver nitrate are 
strong electrolytes in the. solvents NgN-dimethylformemide and pyridineq 
i. e. the solutes are completely ionised in solution. Furthery silver 
perchlorate was considered to be completely ionised in the solvent 
propylene carbonate. 
Initial evaluations of electrodeposition from various simple salt 
solutions in the selected solvents had indicated that silver, may be 
readily electrodeposited. This is only to be expected due to the ease 
with which silver may be 'reduced. The anhydrous salts of silver thus 
employed are also readily available and relatively non-toxic. 
For such reasonsy silver electrodeposition from systems based upon 
the selected non-aqueous'media was further investigated. 
In the studies already undertaken and as described in Section V929 
the results so far obtained by employing such silver systems may be 
summarised as follows. 
Electrolytes Temperatures Current Densitys Nature of Depositss 
Silver Perchlorate in 24 0C0.54 amps per Deposits were 
NlN-Dimethylformamide sq-dm- whiteg smooth 
and adherent. 
Silver Nitrate in 23 0c 0-54 amps per 
NIN-Dimethylformamide sq. dm. 
Silver Perchlorate in 22 0C 0-54 amps per 
Propylene Carbonate sq. dm. 
Silver Nitrate in 24 0C0,, 54' amps per 
Propylene Carbonate sq. dm. 
Deposits were 
brightq whitel and 
relatively non- 
adherent. 
Deposits were 
white and 
relatively non- 
adherent. 
DePosits were 
dark, emoothg'and 
moderately 
adherent. 
1 80- 
Further studiesp employing all three solventsy were undertaken at 
various temperatures, in order to study the effects-of operating 
electrolytis systems over a wide temperature range. The results are 
as summarised belowe 
Electrolytes Temp.: Current Densit ys Nature of Depositst 
Silver Perchlorate in -40 
0C 0-54 amps per Deposits were smooth, 
NIN-Dimethylformamideý sq. dm. darkv and moderately 
adherent. 
800C 0-54 amps per Deposits were 
sq. dm. crystallineq dendritic 
and adherento 
Silver Nitrate in- -20oC 0.54 -amPs per --Deposits were dark 
NgN-Dimethylformamide sq. dmo and non-adherent. 
80 0 C, 0-54 amps per Deposits were 
sq. dm. dendritic and 
moderately adherent. 
Silver Perchlorate in -25 
0C 0-54 amps-per Deposits were dark 
Propylene Carbonate sq. dm. and non-adherento 
60 0C Oo54 amps per Deposits were white 
sqodmo and relativelyýnon- 
adherento 
100 0C 0-54 amps per Deposits were slightly 
sqodm-ý adherentp had'dendritic 
growthsq and were 
very crystalline. 
Silver Nitrate in -210C 0-54 amps per Deposits were dark 
Propylene Carbonate sq. dm. and non-adherent. 
Silver Perchlorate in- 0 -45 C lo08 amps per, Deposits were steel 
Pyridine sq. dmo greyp reflectivet and 
moderately adherent 
with a tendency to 
'flake off'. 
-23 
0C 1.08 amps per Deposits were bright 
sq. dm. and adherent. 
0 100 C 1.08 amps per Deposits were white, 
sqodm., dendritieg'and 
moderately adherent. 
Silver Nitrate in -200C 0-54 amps per Deposits were dark 
Pyridine sqodmo and non-adherent. 
or , 
1. .. I- 11 , cont'd. **op 
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Electrolytes Temps Current Density: Nature of Deposits: 
Silver Nitrate in 23 0 C- 0-54 amps per Deposits were silvery 
Pyridine sq. dm. grey and moderately 
adherent. 
80 0 C. 0-54'amps per Deposits were bright, 
sq. dm. dendritic and adherent. 
With a silver perchlorate/pyridine system and a current density 
of 0-54"amPs per sq*dm- at temperatures of -250C, 23 
0 C9 and 80 0 Cq the 
adhesion of the electrodeposits-Was somewhat better than the adhesion 
of those generated at a current density of'1.08 amps per sq. dm. 
All the experiments thus conduct, ed were carried out using the 
apparatus as described on page 27, and illustrated in Figure 1* 
It was concluded that deposits of silver may be readily generated 
over a'wide temperature rangeq with a loss in adherence of the deposits 
at lower temperaturesp the low adhesion beinj charactericed by the dark 
colour of the electrodeposits. Further, the adhesion appeared to be 
related to the current density. It was also noted that the electrolytes 
based on NpN-dimethylformamide and propylene carbonate tended to 
0 decompose at temperatures in excess of 60 C. 
To, gain an insight into the problems encountered by operating an 
electrolytic system over an extended temperature range in a sealed 
environment, a series of cells, as- described on page 33 and shown in 
Figure 5P were constructed. These cells were filled with an 
TI 
electrolyte comprising a saturated silver nitrate/pyridine solution, ' 
and were operated under the conditions of tempereture and current 
density as recorded below. During operationg no agitation, in the form 
of mechanical handling or vibrationg was applied. 
(a) 21 0c0.67 amps per sq. dm. 
Dendrite formation led to electrical short circuit (shorting) 
of the cell after 4016urs of operation. 
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(b) 
. 
21 0c- 1-34 amps per sq. dm. 
Large., nodular dendrite formations led to cell shorting 
after 150 hours of operation. 
(0) 800 c 1-34 amps per sq. dm. 
Very fine dendrites resulted in the cell shorting after 
only 20 hours of operation. 
The appearance of these cells after operation was as shown in 
Plates 29 39 and 4, such corre*sponding to (a), (b)j and (c) 
respectively. The results obtained were verified by operating a further 
20 units; 5 under each of the conditions of (a)q (b) and (c), and 
another 5 under current density and tempereture conditions of 1-34 
. 
amps per sq. dm. and -20 
0 C. At -20 
0 Cl very dark deposits were generated 
and the resistivity increase across the unit was such that it was 
difficult to sustain the passage of current. 
Discussion and Summary 
.4 Dendrite formation has been seen to result in electrochemical 
cells 'short-circuiting' by a process of vertical growth from the 
cathode plate culminating in the dendrites touching the anode surface. 
The growth of this form of electrodeposit is also somewhat exaggerated 
within a closed system in which the employment of solution agitation 
is precluded. 
It was thus apparent that dendrite formation and the generation 
of very darky non-adherent deposits at low temperatures would be the 
main factors to be overcome in operating an electrolytic system under 
closed conditions* 
______ 
' 
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PART I 
SECTION V 
RESULTS OF SILVER ELECTRODEPOSITION 
FROM NýN-DIMETHYLFORMAIIIDE SOLUTIONS 
I, I 
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As an electrolyte suitable for use in electrochemical devices 
would be required to operate over a wide temperature rangep at 
different current densitiesy andp as a means of improving the depositst 
with additives presentp the effects of such variables on the nature of 
the electrodeposits required evaluation. 
From the results of previous experimentsp an electrolyte based 
upon silver perchlorate in NgN-dimethylformamide appeared to produce 
more adherent and brighter, deposits than other systemsp and this was 
selected for more detailed study* 
The apparatus as described on page 29 and shown in Figure 3 was 
used in all the experiments described in this sectionp the photo- 
micrographs being taken as detailed on Page 32. The experimental 
techniques observed were as given on page 29. 
As has been seeng high temperature deposits are dendritic in 
natureq whilst deposits produced at low temperatures tend to be dark 
and non-adherent. -Such effects would most 
likely be controllable by 
the use of additives to the electrolyte solution. That add. itýves'do 
noticeably affect the structure of electrodeposite is well established, 
and in the instance of a silver perchlorate/N, N-dimethylformamide 
systemp this is illUBtrated by the photomicrographs 4469-2 and 4469-3- 
Here, angular crystal features as are associated with dendritic 
growth are shown to be suppressed by the addition of P-toluidine-2- 
sulphonic acid to the-electrolyte. 
The basic electrolyte was a solution of silver perchlorate in 
NpN-dimethylformai3ide. Four additives, namely peptoney quinol, 
diphenylamine and tribenzylamine, were employed; and thus five 
solutionsp four containing additives and one without any additivep were 
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used as electrolytes from which silver deposits were generated. 
By the use of photomicrographs, the effects of the following 
variablesq and the interrelation of such effectag upon the nature of 
the electrodepositst were evaluated. 
1. Temperature. 
2* Current Density. 
3. Amount of Solute. 
4. Amount of Additive* 
The experimental and plate numbers have been compiled in Table 2 
in such a manner that the effects of temperaturel current density etc. t 
may be readily referred to the main text. 
The tabulation format under which the electrolyte composition and 
experimental conditions of each individual test are recorded is as 
shown in Table 3. Table 3 also lists the magnification scales as 
applicable to the photomicrographs, each photomicrograph corresponding 
to a particular experiment and being identifiable by its plate number. 
Also included in this section are the results of three experiments 
carried out at differing temperatures using silver nitrate as the 
solute in NIN-dimethylformamidev and one test performed at -47, 
OC in 
which ammonium thiocyanate has been added to the basic silver 
perchlorate/NtN-dimethylformamide electrolyte. 
At the end of the sectionj the results of some experiments using 
propylene carbonate and water as the electrolyte media have been 
included for comparative purposesp one of these having utilised a 
commercial silver plating solution. 
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TABLE 
Various current densitiesp temperatures and concentrations Of 
additives have been studied for certain electrolytes. The experiments 
carried out are summarised in the following tables. 
For the four electrolytes containing the additives peptonep 
quinoll diphenylamine and tribenzylamines the projections correspond 
as below. 
Current 
Density 
(amps per 
sq. dm. ) 
Temperature ("C) 
Concentration of 
Additive (s/l) 
(on each transparency) 
TABLE 2.1 
Electrolyte$ Silver Perchlorate in N, 11-Dimethylformamide (30 9/1) 
with Peptone as an additive. 
lo62 40764--- 
1.08 2874WIO-l 
0-54H 4769MIO-IL 1970-1 
20 40 
Concentration of Ileptone 
1970-6 
60 
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TABLE 2.2 
Electrolyte$ Silver Perchlorate in NpN-Dimethylformamide (30 9/1) 
with Quinol as an additives 
1.62 4070-2 
1.08 28744? 0-2 
0954 ýi 41"-2 1970-2 1970-7 
20 40 60 
,, -tration cf Quinol - 
TABLE 2.3 
Electrolyte$ Silver Perchlorate in-NgN-Dimethylformamide (30 9/1) 
with Diphenylamine as an additive. 
1.62 4070-3 
l. o8 2874410-3 
0-54 4Z"-l 1970-3 1970-8 
io eo 
of Diphenyl_amine -11*44/Al 
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, TABLE 2-4 
Electrolyte$ Silver Perchlorate in NpN-Dimethylformamide (30 g1l) 
with Tribenzylamine as an additive. 
1.62 4070-4 
Cum 
1.08 2870-44470-4 
0-54 4747%44 1970-4 1970-9 
46 40 
-,,,,: entration of Tribenzylamine -54GRAli/l 
TABLE 2.5 
Blectrolytet Silver Perchlorate in NlN-Dimethylformamide (30 6/1)- 
I 
Current 
Density 
(amps/sq. dm. 
2.16- 
1 
1.62 
1.08 
o. 76 
0-54 
0.22 
Temperature (0c) 
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TABLEa 
Tabulation Format of Results 
Ref. No. Salt concentrationj 
(corresponding to 
lin 
gms. per litre. 1 
photographic 
plate no. ) 
Addition Agent Addition Agent 
concentration in 
gms. per litre. 
Specific 
Conductance 
of 1 solvent in IC m7 9 at 
250C unless 
noted contrary. 
Further addition agents and concentrations 
thereofq if applicable. 
Temperature (00 Current Density Time of 
employed in electroplating 
amps per sq-dm- in minutes. 
I 
Visual observations of electrodepo wi-ted. 
jObservations from magnified Stereoscan images* 
Magnifications 
The following table is intended to serve as a guide to the 
dimensional scales in the photomicrographs. 
MAGNIFICATION 1 mm 1 cm 
500x 2 micron 20 micron 
100OX 1 micron 10 micron 
5000x 2000 2 micron 
10900OX 1000 1 micron 
4 .. - - 
" 
4469-1 x635 
r 
pr -a-wý 
wer 
4469-2 x61ý 
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4469-1 Platinum Plate 
Surface was relatively smooth; a few indentations 
were present. 
4469-2 30 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10- 
8 
230C 0-54 30 
Deposits were white, smooth, crystalline and 
adherent; angular crystal growths were in evidence 
at the high current density edges. 
Crystal arrangement was of disordered, angular forms. 
4 -ol ., f 
*"W- 
., ot ,""ý. 
- -- 
. 0., ". i-----. 01, * 
4769-1 x235 
-. we / 
Av"ý 
4769-1 x5970 
'N 
w 
A 
".. I'. ., - '004 -4'. q 
f-j le 
. 
41 ?1* '%% -ý. 1.11 
4769-1 x1175 
vow 
-Am ý,. 4 
I VO&- 
4769-2 x1175 
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4469-3 30 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10- 
8 
3 p-Toluidine-2-Sulphonic Acid CH 3' 
C6H3 *NH 2' so 3H 
230C 0-54 30 
Dull, only moderately adherent deposits were 
produced. Deposits were dark grey in colour 
and reasonably smooth. 
Crystal arrangement was in the form of ordered, 
rounded conglomerates. 
4769-1 32 Silver Perchlorate N, N-Dimethylf'ormamide 8-37 x 10-8 
5 Peptone 
20 0C 0-54 20 
Dull, light-grey, moderately adherent deposits 
were produced. Solution discoloured during 
electrolysis. 
Crystal arrangement was one of reasonably well- 
ordered conglomerates. Conglomerated structures 
appeared to have fractured in certain instances. 
4769-2 32 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10-8 
5 Quinol 
20 0C 0-54 20 
Reasonably bright, white, adherent deposits 
were produced. 
Disordered, angulsr, crystal arrangement was 
in evidence. 
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4769-3 32 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10-8 
5 Diphenylamine 
20 0C 0-54 20 
Deposits were reasonably bright, white, and 
quite adherent. 
Crystal arrangement was of angularg definite 
forms, with hexagonal crystal faces apparent. 
4769-4 32 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10-8 
5 Tribenzylamine 
20 0C 0-54 20 
Tribenzylamine went into solution after 
prolonged agitation. Deposits were white, 
reasonably bright and quite adherent. 
Crystal arrangement was of very disordered, 
angular structures exhibiting hexagonal 
facings. 
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. 
Ir - 
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x1095 
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4769-5 x5500 
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4769-4(a) Repeat of 4769-4, except that the N, N-Dimethylformamide 
was repurified to a specific conductance of 4.9 x 10-9SClm-1. 
4769-5 32 Silver Perchlorate N, N-Dimethylformamide 8-37 x 10- 
8 
20 0c0.216 20 
White, relatively non-adherent deposits. Deposits 
were smooth and tended to 'flake'. Did not appear 
to be as crystalline as 4769-2, -3, and -4. 
Disordered crystal arrangement showing no definite 
forms. Crystals were angular in a few parts and 
were of varying sizes. 
4769-6 32 Silver Perchlorate N, N-Dimethyli*ormamide 8-37 x 10-8 
20 0c1.08 20 
Dull, whitish, spongy and non-adherent deposits 
were produced. 
Large, crystalline, angular forms, which were almost 
spherical and hexagonally faced, were in evidence. 
Most of the surface was covered with rounded, nodular, 
dendritic forms, which were in turn composed of 
smaller, nodular crystals. 
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1970-1 30 Silver Perchlorate N, N-Dimethylf'ormamide 3-51 x 10-E 
5 Peptone 
38 0C0.54 20 
Deposits were light grey, dull, smooth and non-adherent. 
Crystal arrangement was of ordered, spherical structures 
of differing sizes, some of these being aggregated. 
1970-2 30 Silver Perchlorate N, N-Dimethylformamide 3-51 x 10- 
5 Quinol 
38 0C 0-54 20 
Deposits were white, granular, an(I non-adherent. 
Crystal arrangement was of disordered forms, v8rying 
in size and having some angular characteristics. 
1970-3 30 Silver Perchlorate N, N-Dimethylformamide 3-51 x 10-8 
5 Diphenylamine 
40 0C 0-54 20 
Deposits were whitish grey, granular, and non-adherent. 
Large, disordered crystalline masses, having some angular 
features, were in evidence; no definite single crystal 
forms were present. 
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1970-4 30 Silver Perchlorate N, N-Dimethylformamide 
5 Tribenzylamine 
40 0C 0-54 20 
Deposits were bright, white, moderately adherent, 
and had a crystalline appearance. 
Reasonably ordered and very angular, definite 
crystal forms present. Very sharp-edged, single 
crystals in evidence. 
1970-5 30 Silver Perchlorate N, N-Diinethylformamide 
40 0C 0-54 20 
Bright, white, moderately adherent deposits 
were obtained. 
Large, disordered and indefinite crystal masses 
were in evidence, displaying a certain degree of 
angularity. 
1970-6 30 Silver Perchlorate N, N-Dimethylformemide 
5 Peptone 
65 0C 0-54 20 
Dull, smooth, moderately adherent deposits were 
produced. Deposits had a reflective, burnished 
appearance. 
Crystal arrongement was of very ordered, egg- 
shaped structures. 
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1970-9 30 Silver Perchlorate N, N-Dimethylformamide 1-75 x 10-8 
5 Tribenzylsmine 
680C 0.54 20 
Deposits appeared granular end coverage was low; 
they were silvery grey and moderately adherent. 
Crystal arrangement was of ordered, angular forms. 
1970-10 30 Silver Perchlorate N, N-Dimethylformamide 1.75 x 10-8 
65 0C 0-54 20 
Deposits were silvery grey and non-adherent. 
Coverage was poor, but distinct, angular faced, 
spherical crystals were present. 
-. A 
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2870-1 30 Silver Perchlorate N, N-Dimethylformamide 1.75 x 10 -8 
5 Peptone 
20 0C1.08 20 
Dull, dark grey, moderately adherent deposits 
were produced. 
Crystal arrangement was of spherical, aggregated 
structures, varying in size yet well ordered. 
2870-2 30 Silver Perchlorate N, N-Dimethylformamide 1.08 x 10-8 
5 Quinol 
20 0C1.08 20 
Deposits were white and adherent. 
Crystal arrangement was of small, closely packed, 
crystalline forms displaying evidence of both 
angular and rounded shapes. 
2870-3 30 Silver Perchlorate N, N-Dimethylformamide 1.75 x 10-8 
5 Diphenylamine 
20 0C1.08 20 
Dull grey, rough, non-adherent deposits were produced. 
Nodular growths were very much in evidence; all such 
nodular dendrites were terminated with small, 
spherical crystals. 
? 870-4 
ir -IMP"Molow 
-100- 
2870-4 30 Silver Perchlorate N, N-Dimethylformamide 1-75 x 10-8 
5 Tribenzylamine 
20 0C1.08 20 
White, smooth, adherent deposits were produced. 
Crystal arrangement was of' equally sized, definite, 
angular forms. 
-8 4070-1 30 Silver Perchlorate N, N-Dimethylformamide 1-35 x1 
5 Peptone 
17-5 0C1.62 20 
Deposits were light grey, smooth, and non-adherent. 
Crystal arrangement was of rounded, reasonably well 
ordered, clustered aggregates, these being very nodular. 
4ý-% 
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4070-2 30 Silver Perchlorate N, N-Dimethylformamide 1-35 x 10-8 
5 Quinol 
17-5 0C1.62 20 
Deposits were dull, dark grey, and non-adherent. 
Preponderance of branched growths was in evidence with 
a small grain size; a few, more angular and larger forms 
were also present. 
4070-3 30 Silver Perchlorate N, N-Dimethyli'ormamide 1-35 x l? 
i 
5 Diphenylamine 
17-5oC 1.62 20 
Deposits had a greyish, coarse appearance and were 
non-adherent. 
Crystal arrangement was of a preponderance of 
tree-like growths. 
4070-4 30 Silver Perchlorate N, N-Dimethylformamide 1-35 x 10- 
5 Tribenzylamine 
17-5 0C1.62 20 
Deposits were whitish coloured, smooth, and 
slightly adherent. 
Coverage was relatively poor; definite, angular forms 
were present on the platinum surface. 
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4070-4(a) Repeat of 4070-4, except that the N, N-dimethylformamide was 
repurified to a specific conductance0of 4.9 x 10-9-PL-lm-1; 
the electrolysis was conducted at 20 C. 
Deposits appeared brighter than those in 4070-4- 
4070-5 30 Silver Perchlorate N, N-Dimethylformamide 1-35 x 10- 
8 
17-5 0C1.62 20 
Deposits were white, granular and non-adherent. 
Coverage was relatively poor. Definite, angular, 
crystalline forms were present. Appearance of 
surface wes very similar to that of 4070-4- 
4170-1 30 Silver Perchlorate N, N-Dimethylformamide 1.08 x 10- 
8 
10 Peptone 
26-5 0C 0-54 20 
Deposits were highly reflective, silvery grey, 
and non-adherent in the sense thpt they tended 
to 'flake off'. 
Cracking can be clearly seen. Crystal arrangement 
was of rounded forms with a very small grain size. 
- 
-- ylr 
i 
44 
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4170-2 30 Silver Perchlorate NqN-Dimethylformamide 1.01 x 10-7 
10 Quinol 
21 0C 0-54 20 
Deposits were white, smooth end adherent. 
Crystal arrangement was of definite, angular formations 
set against a background composed of much smeller, more 
rounded forms. 
4170-3 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x 10-7 
10 Diphenylamine 
21 0C 0-54 20 
Deposits were silver greyq moderately a-dherent 
and smooth. 
Angular, crystalline shapes were present against a 
background of rounded, aggregated forms; the aggrege, tes 
were much smaller than the angular crystals. 
4170-4 30 Silver Perchlorate N, N-Dimethylforniamide 1.01 x 10-7 
10 Tribenzylamine 
21 0C 0-54 20 
Deposits were silvery whiteý granular and non-adherent. 
Coverage was relatively poor. Crystals on surface of 
platinum had angular profiles. 
V 
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4170-5 30 Silver Perchlorate N, N-Dimethylforma. mide 1.01 x 10-7 
21 0C 0-54 20 
Deposits were creamy coloured, moderately adherent 
and smooth. 
Crystals exhibiting a certain degree of angularity 
were present against a background of smallerý more 
spherical forms. 
4470-1 30 Silver Perchlorete I\T, N-Dimethylformamide 1.35 x 10-8 
10 Peptone 
24 0C1.08 20 
Peptone dissolved slowly, and then only with vigorous 
agitation. Deposits were adherent and greyish in colour. 
Deposits were of well-ordered oval forms on a substructure 
of much smaller, similarly shaped crystals. 
4470-2 30 Silver Perchlorate N, N-Dimethylformamide 1.35 x1 
10 Quinol 
24 0C1.08 20 
Whitish, adherent deposits were produced. 
Angular, crystal profiles appeared to be set against 
a background of aggregated, spherical forms. 
4470-3 x6420 -4.060- lw 
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-8 4470-3 30 Silver Perchlorate NgN-Dimethylformamide 1-35 x 10 
10 Diphenylamine 
240C 1.08 20 
Light, bluish-grey, edherent deposits were produced. 
Large crystal shapes having a slight degree of angularity 
were present against a background of smaller, more 
sphericalg aggregated forms. 
4470-4 30 Silver Perchlorate N, N-Dimethylformamide 1-35 X. 10 -8 
10 Tribenzylamine 
240C 1.08 20 
Silver white, adherent deposits were produced. 
Very distinct and angular crystals were present against 
a background of small, spherical structures. 
mo 
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4570-1 30 Silver Perchlorate N, N-Dimethylformamide 1.08 x 10-8 
2.4 Peptone 
26-5 0C 0-54 20 
Deposits were reflective, grey, end non-adherent. 
Crystals were rounded, closely packed, and very 
fine grained. 
4570-2 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x -8 
2.4 Quinol 
22 0C 0-54 20 
Deposits were white and adherent. 
Crystal arrangement comprised large, angular forms 
against a background of smaller, rounded aggregates. 
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4570-3 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x 10-8 
2.4 Diphenylamine 
22 0C 0-54 20 
Whitish, moderately adherent deposits were produced. 
Large, angular, crystal forms were present on smaller, 
rounded, crystal aggregates. 
4570-4 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x 10-8 
2.4 Tribenzylamine 
22 0C 0-54 20 
Deposits were silver white and moderately adherent. 
Coverage was relatively poor. Definite angular forms 
were present together with smaller, more spherical 
crystals. 
x118C) 
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4770-4 30 Silver Nitrate N, N-Dimethylformamide 1.08 x 10-8 
23 0C 0-54 20 
Deposits were bright, white, and non-adherent. 
Crystals were extremely angular, of varying sizes, 
and had very smooth faces. 
4770-5 30 Silver Nitrate N, N-Dimethylformamide i. o8 x 10-8 
65 0C 0-54 20 
Poor coverage; deposits were white and non-adherent. 
Extremely well defined, angular crystals were present; 
growth appeared to be vertical. 
1471-1 30 Silver Perchlorate N, N-Dimethylformamide 1.09 x1 -8 
-430C 0.54 20 
Grey, granular, moderately adherent deposits were 
in evidence. 
Very small, crystalline structures in the form of 
feathered dendrites were present; no degree of 
angularity was apparent in the crystals. 
1471-2 X5,5(ý . -f Air -- 
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1471-2 30 Silver Perchlorate N, N-Dimethylformamide 
2 Ammonium Thiocyanate 
-470C 0-54 20 
Deposits were silvery grey in colour, bright, 
reflective and slightly adherent. 
Fine grained, crystalline background composed of 
spherical forms. Larger, rounded and clustered, 
crystal aggregates were present on the surface. 
1.09 x1 
1471-5 30 Silver Nitrate N, N-Dimethylformamide 1.09 x 10-8 
-450C 0-54 20 
Coverage was relatively poor. Deposits produced were 
whitish and moderately adherent. 
Crystals were small and rounded with a tendency 
towards the formation of aggregated clusters. 
i .. - 
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1971-4 10 Silver Perchlorate N, N-Dimethylformamide 6-45 x 10- 
9 
24 0C1.08 20 
Deposits were silvery white, crystalline, and 
relatively non-adherent. 
Crystals were disordered, of differing sizes, angular, 
and exhibited octagonal facings. 
1971-5 50 Silver Perchlorate N, N-Dimethylformamide 6-45 x 10- 
9 
240C 1.08 20 
Deposits were bright and much whiter than those of 
1971-4. They were also adherent but had a tendency 
to 'flake off' when abraded. 
Crystals were angular, close-packed, and of varying 
sizes; octagonal crystal facings were visible. 
2071-3 30 Silver Perchlorate N, N-Dimethylformamide 6-5 x 10- 
9 
20 0C0.216 200 
Deposits were white, bright, and non-adherent. 
Large, angular crystals were predominant on the 
surface. Coverage was relatively poor. 
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2071-4(a) 30 Silver Perchlorate N, N-Dimethylformamide 
20 0C 0-756 57 
Deposits were white, bright, non-reflective and 
moderately adherent. 
Crystals were angular, disordered, and were of 
varying sizes. 
2071-4 30 Silver Perchlorate N, N-Dimethylformamide 
280C 0.756 20 
Deposits were silvery grey and non-adherent. 
Poor coverage; initial crystal layer was of smaller 
sized forms, but larger and angular crystals were 
also present. 
2071-5 30 Silver Perchlorate N, N-Dimethylformamide 
28 0C2.16 20 
White, moderately adherent deposits were produced. 
6-5 x 10- 
9 
4.9 x 10-9 
4-9 x 10- 
9 
Crystals were angular, disordered, and were of varying 
sizes. 
All the experiments described in the foregoing (Section V, 4) 
have been concerned with the generation of silver electrodeposits from 
solutions based on N, N-dimethylformamideg the majority of such having 
utilised silver perchlorate as a solute. An experiment illustrating the 
effect of ammonium thiocyanate additionsg which had been observed to 
have a brightening effect on low temperature silver electrodeposits, 
was also included. 
Seven further studies were conducted for comparative purposes with 
the employment of propylene carbonate and water as alternative ionising 
media. 
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From a propylene carbonate based electrolyte, the effect of 
temperature and current density on the deposits may be realised. Poor 
coverage was obtained from aqueous electrolytes containing no additions 
other than silver perchlorate and silver nitrate as solutes. 
Also included are photomicrographs of a deposit obtained from an 
aqueous commercial silver plating solution; the deposits being generated 
in accordance with the manufacturer's recommended operating conditions. 
4770-1 30 Silver Perchlorate Propylene Carbonate 1.21 x 10-8 
17-5 0C 0-54 20 
Deposits were a dullish, silver white colour and were 
slightly adherent. 
Crystal arrangement was of definite, angular profiles. 
4770-2 30 Silver Perchlornte Propylene Carbonate 1.21 x 10-8 
17-50C 1.08 20 
Deposits were silver white and slightly adherent; 
there was a tendency for the deposits to Iflake off'. 
Crystal arrangement was of definite angular forms as in 
4770-1, except that there were fewer size variations. 
4770-3 30 Silver Perchlorate Propylene Carbonate 1.21 x 10-8 
17-50C 1.404 20 
Deposits were silver white and non-adherent. 
Crystals were more spherical and more inclined to 
vertical growth than in 4770-1 and 4770-2; slight 
growths were in evidence on the crystal faces and 
the crystals tended to be somewhat smaller than those 
in 4770-1 and 4770-2. 
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1471-4 30 Silver Perchlorate Propylene Carbonate 1.21 x 10-8 
-450C 0.54 20 
Deposits were a silvery grey colour, smooth and 
moderately adherent. 
Crystals were very small and nodular. They were also 
closely packed and gave an appearance of dense, 
dendritic growth across the surface. 
4870-1 30 Silver Perchlorate Water 0-3 x 10-8 
21 0C0.54 40 
Coverage was very poor. Deposits were white, silvery 
and non-adherent, and also granular in appearance. 
Deposits were in the form of large, crystalline 
masses, which were basically rounded structures 
with a certain degree of angularity. 
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4870-2 30 Silver Nitrate Water 0-3 x 1(078 
19 0c 0-54 20 
Coverage was very poor. Deposits present were 
silvery, bright, granular and non-adherent. 
Large crystal growths were in evidence; these 
being very angular and well defined shapes, 
having sharp edge profiles with smooth crystal 
faces. 
4970-1 40 IZonax' Silver Salts (30%) Water 0-3 x 10-8 
2 Potassium Cyanide 
270C 0.216 40 
Very white, smoothý moderately adherent deposits. 
Crystals exhibited angularity to a degree of 
almost 50% and showed few size variations. 
(This was a commercial silver plating solutiong 
as supplied by Cannings Ltd. The recommended 
operating conditions are 2-3 amperes ger 
sq-ft. at a temperature in excess of 60 F) 
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Discussion and Summary 
Factors such as the pronounced tendency for dendritic growth 
formation at higher current densities and the variation in the crystal 
size of the electrodeposits with temperature and current density were 
observed. 
Blectrodeposits generated from propylene carbonate solutions were 
observed to be larger and less angular than those produced under 
similar conditions from Ng*N-dimethylformamide solutionst whilst the 
deposits generated from aqueous media were found to be composed of yet 
larger crystals and exhibited poor coverage. 
The absence of exaggerated dendritic growths in any of the 
electrodeposits produced from solutions containing peptone additions 
was of particular interest. All the electrodeposits generated from 
electrolytes containing peptone were characterised by aggregated or 
oval-shaped crystal forms. Additions of peptone above a certain level 
resulted in the aggregated structures being replaced by closely packed 
oval forms. The generation of electrodeposits with basically rounded 
forms was concluded to be a prerequisite in the avoidance of dendrite 
formation within closed electrochemical systems. 
Further, very fine-grained deposital as were produced at -45 
0 CO 
were capable of being aggregated into forming larger crystal structures 
.I 
by additions of ammonium thiocyanate to the electrolyte solution. 
-11 6-. 
PART I 
SECTION V 
RESULTS Of ADDITION AGENT EFFECTS- 
W Silver Perchlorate/NgN-Dimethylf2rmamide 
-117- 
The necessity of employing addition agents in an electrolyte 
solution from which satisfactory electrodeposits may be generated over 
a wide range of temperature has been mentioned previously. Such 
additions would be required to combat dendritio growth formationg which. 
has been observed to be particularly evident at elevated temperatureep 
and to overcome the generation of darkv non-adherent depositsp which 
are especially pronounced at low temperatures. 
A selected number of addition agentsp viz. peptonep diphenylaminey, 
tribenzylamine and quinolp were employed in the experiments described in 
Section V-49 and the electrodeposits produced from these solutions 
were ma: ýkedly different, in particular the deposits from solutions 
containing peptone additions. 
Further to thist a more comprehensive range of additives was 
employed with a solution comprising 30 grams per litre of silver 
Perchlorate in NgN-dimethylformamide. The apparatus used was as 
illustrated in Figure 3; the experimental techniques observed being in. 
accordance with those detailed on page 29. Photomicrographs were 
obtained in the manner described on page 32 and the presentation of 
solution details and the experimental conditions employed is as in 
Section V-49 Table 31 Page 90- 
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4870-3 30 Silver Perchlorate N, N-Dimethylformemide 1-15 x 10 -8 
5 Sodium Thiosulphate Na 2S203 
25 0C 0-54 20 
Sodium thiosulphate dissolved with difficulty; 
deposits were silvery white, bright, smooth 
and adherent. 
Good coverage with well defined, angular, crystalline 
forms; crystals ha. d unblemished faces and were of 
differing sizes. 
4870-3(a) 30 Silver Perchlorate N, N-Dimethylformamide 1-15 x 10- 
8 
5 Sodium Thiosulphate Na 2S2 03 
28-50C 0-54 30 
Deposits were bright, white, smooth and adherent. 
Very similar to 4870-3, except that the smaller 
crystals present appeared more distinct and angular. 
4870-4 30 Silver Perchlorate N, N-Dimethylformamide 1-15 x 10-8 
5 p-Toluidine-2-Sulphonic Acid CH 3* C6H3 NH 2 SO 3H 
45 0C 0-54 20 
Bright, reflective, silvery grey deposits were produced. 
Deposits were very fine grained and in the form of 
nodular aggregates. 
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4970-2 30 Silver Perchlorate N, N-Dimethylformamide 1.69 x 10-8 
5 Rhodamine B 
280C 0-54 20 
Solution turned a red colour; the deposits were 
silver pink and moderately adherent. 
Larger crystal masses having some degree of angularity 
were present against a background of small, rounded 
forms. 
4970-3 30 Silver Perchlorate N, N-Dimethylformamide 1.69 x 10-8 
5 Glycerol CHOH(CH 20")2 
280C 0-54 20 
Deposits were silvery grey, slightly adherent, 
and crystalline. 
Large, distinct, angular, crystal masses were present 
against a background of smaller, rounded forms. 
4970-4 30 Silver Perchlorate N, N-Dimethylformamide 1.69 x 10-8 
5 Ethyl Alcohol C2H5 OH 
24-5 0C 0-54 20 
Deposits were silvery grey and moderately adherent. 
Crystal structure was of angular forms with 
approximately equal dimensions. 
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4970-5 30 Silver Perchlorate 
5 'Water (deionised) 
21 0C 0-54 
Deposits were silver grey 
Crystal arrangement was of 
were basically rounded but 
N, N-Dimethylformamide 1-15 x 10-8 
20 
and adherent. 
fine grained forms which 
had some degree of angularity. 
4970-6 30 Silver Perchlorate N, N-Dimethylformamide 1-15 x1 -8 
5 Phenol C6H5 OH 
24 0C 0-54 20 
Deposits were silvery white and adherent. 
Crystal arrangement was of large, indistinctq angular 
structures against a background of smallerg more 
spherical, closely packed forms. 
0371-1 30 Silver Perchlorate N, R-Dimethylformamide 0.97 x 10- 
8 
5 Ethylene Glycol CH 2 OH. CH 2 OH 
20 0C1.08 20 
Whitish, smooth, adherent deposits were produced. 
No definite single crystal forms were present; 
arrangement comprised disordered, rounded structures 
possessing some degree of angularity. 
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0371-2 30 Silver Perchlorate 
5 Dipropylene Glycol 
22 0C1.08 
Deposits were white, smooth, and adherent. 
Crystals were quite angular, smooth faced, closely 
packed, and of varying sizes; larger forms were 
formed in some parts. 
N, N-1)imethylformamide 
(CH 
3 
CHOHCH 2 
)0 
20 
0.97 x 10 -8 
0371-3 30 Silver Perchlorate N, N-Dimethylformamide 0.97 x 10 -8 
5 Carbon Disulphide CS 2 
23 0C1.08 20 
Deposits were silver white and adherent. 
Crystal arrangement was similar to that in 0371-2 
except that the crystals were better defined and 
smoother faced. 
0971-1 30 Silver Perchlorate N, N-Dimethylformamide 1.49 x 10-8 
5 Glycine (Amino acetic acid) NH2* CH 2*COOH 
24 0C1.08 20 
Glycine dissolved with difficulty; deposits were light 
grey in colour, reflective, and were adherent with a 
tendency to crack. 
Crystal arrangement was of large, smooth surfaced, 
egg-shaped crystals against a background of smaller, 
similarly shaped forms. 
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0971-2 30 Silver Perchlorate R, N-Dimethyll'ormemide 1.49 x 10- 
5 Hexamine (CH 2)6'N 4 
24 0C1.08 20 
Hexamine dissolved with difficulty; deposits were 
white and adherent. 
Crystal arrangement was of very definite, Gisordered, 
slab shaped structures with hexagonal facings; all hed 
smooth faces and were of varyint; sizes. 
0971-3 30 Silver Perchlorate N, N-Dimethylformamide 1.49 x 10 
5 Dibenzylsmine (C 6H 5* CH 2)2 NH 
24 0C1.08 20 
Dibenzylaminet wt. per ml - 1.026 gm at 20 
0 C. 
Deposits were grey and adherent. 
Crystal arrangement was of equally sized, rounded 
aggregates; the aggregates were closely packed and 
tended to form nodular dendrites. 
0971-4 30 Silver Perchlorate N, N-Dimethylformemide 1.49 x 10 -8 
Triethanolamine N(CH 2' CH 2* OH) 3 
24 0C1.08 20 
Deposits were a silvery yellow colour and moderately 
adherent, but had a tendency to fleke off when abraded. 
Crystal arrangement appeared ordered and symmetrical; 
the crystals were elongated and were orientated in 
a vertical growth position. 
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0971-5 30 Silver Perchlorate N, N-Dimethylformamide 1.49 x 10-8 
5 Thiourea NH 
2 -CS. NH 2 
24-5 0C1.08 20 
Deposits were very smooth, grey-black in colour, 
and were very adherent. 
Crystal structure was of' extremely fine grained, rounded 
forms with some degree of angularity. 
0971-6 30 Silver Perchlorate N, N-Limethylformamide 1.09 x 10- 
8 
5 Sulphanilic Acid NH 2' C6H 4' 
so 
3H 
19-5 0C1.08 20 
Sulphanilic acid dissolved with difficulty; the 
deposits were yellowish white and slightly adherent. 
Rounded, loosely packed, crystal aggregates were 
predominant; these were formed into nodular dendrites. 
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0971-7 30 Silver Perchlorate N, N-Dimethylformamide 1.09 x 10- 
8 
5 Sulphosalicylic Acid HOIS. C 6E3 
(OH). COOH 
19-5 0C1.08 20 
Deposits were a steel grey colour and adherent; the 
surface was bright and ret*lective. 
Crystal arrangement was of smell, smooth eurfaced, 
egg-shaped crystals against a background of' smaller, 
closely packed, similarly shaped forms. 
0971-8 30 Silver Perchlorate N, N-Dimethylformpmide 1.09 x 10-8 
5 Chlorosulphonic Acid HO. SO 2 
Cl 
19-50C 1.08 20 
Deposits were coarse, granular, grey in colour, and 
relatively non-edherent. 
Chlorosulphonic acid dissolved with difficulty; very 
small, rounded, dendritic aggregates were present 
against a background of distinct, angular forms. 
0971-9 30 Silver Perchlorate N, N-Dimethylformamide 1.09 x 10 -8 
5 bletol (Methyl Uric Acid) C6H603N4 
20 0C1.08 20 
Deposits were pinkish white, bright, smooth, and reflective. 
Crystal arrangement was of angular, smooth faced, 
closely packed forms of varying sizes. 
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0971-10 30 Silver Perchlorate N, N-Dimethylformamide 1.09 x 10-8 
5 Mannitol HO. CH 2* 
(CHOH) 
4' Ch 2 OH 
20 0C1.08 20 
Deposits were silvery white and adherent. 
Large, smooth faced, angular, aggregated crystal 
masses were present against a background of 
smaller, rounded aggregates. 
1671-1 30 Silver Perchlorate NqN-Dimethylformamide 8-77 x 10-8 
3 Camphor C 10 H 16 0 
22 0C1.08 20 
Deposits were whitish, smooth, and slightly adherent. 
Crystal structure was of closely packed, very 
angular, hexagonally faced forms. 
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1671-2 30 Silver Perchlorate N, N-Dimethylf'ormamide 8.77 x 10- 
8 
3 Benzamide C6H 5* CO. NH 2 
22 0C1.08 20 
Poor coverage; deposits were silvery white and 
relatively non-adherent. 
Large, angular, crystal aggregates were present 
against a background of smaller, rounded aggregates. 
1671-3 30 Silver Perchlorate N, N-Dimethyli'ormemide 8.77 x 10-8 
3 Carbazole C6H4 *NH. C 6H4 
22 0C1.08 20 
Deposits were a dull, silver grey colour and 
non-adherent. 
Very large, aggregated, angular forms were set ag8inst 
a background of much smaller, rounded structures. 
1671-4 30 Silver Perchlorate N, N-Dimethylforma. mide 8.77 x 10-8 
3 Benzoin C6H 5* CHOH. CO. C 6H5 
22 0C1.08 20 
Poor coverage; deposits were white, rough and 
non-adherent. 
Crystals were definite, angular, smooth, hexagonally 
faced and of varying sizes. 
It 
110 
-40 so 
- 
wi a "e, 
- 
w. 
IL 
m--- -1010% 0 mhjb&ýl 10 , 
It 10 
w 
67' 
-127- 
1671-5 30 Silver Perchlorate N, N-Dimethylformamide 8-77 x 10 
3 Lactose C12 H 22 011', H 20 
22 0C1.08 20 
Deposits were silvery grey and non-adherent. 
Large, very angular aggregates were present against 
a background of small, less angular forms. 
4870-5 30 Silver Perchlorate NtN-Dimethylformamide 1-15 x 10-8 
5 Turkey Red Oil (Oxanthogenate) 
32-5 0C 0-54 20 
Turkey red oil: wt. per ml - 1-05 gms at 20 
0C 
Deposits were bright, black, and moderately 
adherent. After drying, they were a dark grey colour. 
Large, smooth faced, egg-shaped crystals were present 
against a background of indistinct dendrites composed 
of very small, rounded structures. 
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1771-1 30 Silver Perchlorate N, N-Dimethylformamide 1.01 X 10- 
3 m-Aminobenzoic Acid NH 2X6H 4' COOH 
280C 1.08 20 
Deposits were white and adherent. 
Crystals were distinctly angular with octagonal 
facings, disordered, and were approximately the 
same size. 
1771-2 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x 10- 
3 Benzoic Acid C6H 5' COOH 
280C 1.08 20 
Deposits were smooth and adherent, and had a 
bright, satiny white appearance. 
Crystals were very distinct, angular and octagonally 
faced; growth appeared more lateral than in 1771-1. 
1771-3 30 Silver Perchlorate N, N-Dimethylformamide 1.01 x 10-8 
3 o-Chlorobenzoic Acid Cl-C 6H4 COOH 
29 0C1.08 20 
Deposits were whitish, smooth and adherent. 
Crystals were basically indistinct, angular aggregates, 
which varied in size and were disordered. 
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1771-4 30 Silver Perchlorate NlN-Dimethylformamide 1.01 x jr8 
3 p-Bromobenzoic Acid C6H4 Br. COOH 
29 0C1.08 20 
Deposits were smooth and adherent2 and varied in 
colour from whitish silver to a blueyp st eel grey. 
Crystals were smoothp egg-shapedp ordered and 
closely packed. 
1771-5 30 Silver Perchlorate NpN-Dimethylformamide 1.01 x_lr8 
3 o-Bromobenzoic Acid C6H4 Br. COOH 
29 0C1.08 20 
Deposits were white and adherentg being very similar 
in appearance to those of 1771-1. 
Crystal arrangement was of angular aggregates of 
approximately equal sizes; growth appeared to be 
predominantly vertical. 
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3 O-Bromobenzoic Acid C6H 4* Br. COOH 
29 0C1.08 20 
Deposits were white and adherent, being very FimilOr 
in appearance to those of 1771-1. 
Crystal arrangement was of angular aggregates of 
approximately equal sizes; growth 8ppeared to 
be 
predominantly vertical. 
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1871-1 30 Silver Perchlorate N, N-Dimethylf'ormamide 4.78 x 10- 
3 Formic Acid H. COOH 
280C 1.08 20 
Formic acid: wt. per ml - 1.216/1.220 gin at 200C. 
Coverage was relatively poor; deposits were white 
and non-adherent. 
Large, angular crystal forms were present. 
1871-2 30 Silver Perchlorate N, N-Dimethylformamide 4.76 x 10- 19 
3 Bromobenzene C6H5 Br. 
19 0C1.08 20 
Bromobenzenet wt. per ml - 1.49/1-50 gm at 200C. 
Deposits were white, bright, crystalline end 
very adherent. 
Distinct, angular crystals were present against a background 
of' smaller, very closely packed, rounded forms. 
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1871-3 30 Silver Perchlorate N, N-Dimethylformamide 
3 Succinic Acid (CH 2* COOH) 2 
19 0C1.08 20 
Deposits were a light, silvery yellow colour, 
reflective and moderately adherent. 
Deposits were very fine grained with accompanying 
evidence of stress cracking and had an interwoven 
appearance; growth was lateral. 
1871-4 30 Silver Perchlorate N, N-Dimethylformamide 
3 Cellobiose C 12 H 22 0 11 
19 0C1.08 20 
Cellobiose dissolved with difficulty; deposits were 
very adherent and varied in colour from white to a 
pinkish grey. 
Crystal arrangement was of angular, disordered forms 
of varying sizes. 
1871-5 30 Silver Perchlorate N, N-Dimethylformamide 
3 Ammonium Thiocyanate NH 4 SCN 
19 0C1.08 20 
Ammonium thiocyanate dissolved with difficulty; 
deposits were non-adherent and silvery white. 
Angular forms covered with dendrites of small, 
rounded crystals were present. 
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1971-1 30 Silver Perchlorate 14, PT-Dimethy1formamide 1.29 x 10-8 
3 Acetaldehyde CH 
3' 
CHO 
24 0C1.08 20 
Acetaldehyde: wt. per ml - 0-78 gm at 20 
0 C. 
Deposits were extremely white, bright, end adherent. 
Crystal arrangement was of very distinct, octegonally 
faced, angular forms. 
1971-2 30 Silver Perchlorate N, N-Dimethyli'ormamide 1.29 x 10-8 
3 Benzene Sulphonic Acid (33%, w/w) C6 H 5* so 3H 
24 0C1.08 20 
Benzene sulphonic acid: wt. per ml - 1.13 gm at 200C. 
Deposits had a smooth, ref'lective, tarnished silver 
appearance and viere moderately adherent. 
Crystal arrangement was of' closely packed I'orms which 
were predominantly rounded but had some degree of 
angularity. 
1971-3 30 Silver Perchlorate N, N-Dimethylformamide 1.29 x 30- 
3 Methylamine (33% w/w CH 3* 
NH 2 
in ethanol) 
280C 1.08 20 
Ethanolic methylamine; wt. per ml - 0.78 Em at 200 C. 
Deposits were dull, dark grey, and slightly adherent. 
Crystal arrangement was of' marked vertical growth with 
angular, plate like, crystal t'arms. 
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SECTION V 
RESULTS OF ADDITION AGENT EFFECTS 
(ii) Silver Perchlorate/Pyridine 
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Six of the additives used with N, N-dimethylformemide were employed 
in conjunction with a solution comprising 30 grams per litre of silver 
perchlorate in pyridine. The additives were selected on the basis of 
the widely differing effects they had induced upon the structure of the 
electrodeposits generated from N, N-dimethylformamide solutions in which 
they were Present. Pyridine was selected as the electrolytic medium due 
to the absence of decomposition effects encountered with silver salt 
solutions in such over a wide temperature range. Studies on pyridine- 
based electrolytes are detailed more fully in Section V-7- 
The eXPerimental techniques, apparatus used, and the presentption 
of results is as noted previouslY (page 
2271-1 30 Silver Perchlorate Pyridine 2-4 x 10-9 (200C) 
Acetaldehyde 
180C 0-54 20 
Deposits were bright, silvery white, and adherent. 
(As 1971-1 except solvent was pyridine) 
Crystals were basically rounded and aggregated; the 
aggregates had formed certain destinct striations on 
the deposit surface. 
2271-2 30 Silver Perchlorete Pyridine 2.4 x 10-9 
Bromobenzene 
18 0c 0-54 20 
Deposits were dull white in colou and adherent. 
(Asl871-2 except solvent was pyridine) 
Crystals were small, rounded, and 'dumb-bell' shsl)ed; 
more aggregated forms were present towards the edge of 
the specimen. 
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2271-3 30 Silver Perchlorate Pyridine 2.4 x 10-9 
3 Benzoic Acid 
18 0C1.08 20 
Deposits were bright, silvery white, and very adherent. 
(As 1771-2 except solvent was pyridine) 
Crystals were small, rounded, closely packedý and 
appeared aggregated. 
2271-4 30 Silver Perchlorate Pyridine 2.4 X 10- 
9 
3 Bromobenzoic Acid 
18 0C1.08 20 
Deposits were silvery white, bright, and adherent. 
(As 1771-4 except solvent was pyridine) 
Crystals were very small and had aggregated to form 
definite, striated ridges across the surface of the 
electrodeposit. 
2271-5 x5800 40,0- 
p 41P 
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2271-5 30 Silver Perchlorate Pyridine 2-4 x 10-9 
5 Triethanolamine 
180C 1.08 20 
Deposits were a steely grey in colour and were adherent. 
(As 0971-4 except solvent was pyridine) 
Crystals were small, disordered and closely packed; 
they also had a degree of angularity. 
2271-6 30 Silver Perchlorate Pyridine 2-4 x 10-9 
5 Thiourea 
180C 1.08 20 
Deposits were a dull white colour with dark grey 
colouring around the higher current density edges 
of the specimen. 
(As 0971-5 except solvent was pyridine) 
Crystals were formed as closely packed aggregates 
with dendritic growths in evidence on the surface. 
Dendrites were composed of smallq rounded crystals. 
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]Discussion and Summary 
The presence of addition agents in electrolyte solutions 
comprising silver Perchlorate in N, N-dimethylformamide or pyridine 
was found to have a marked effect on the nature of the resultant 
electrodeposits. 
Aggregated or rounded crystal structures were found to result 
from solutions to which certain organic acids had been added. For 
example, additions of p-toluidine-2-sulphonic acid or benzene sulphonic 
acid to silver perchlorate/N, N-dimethylformamide solutions resulted in 
the generation of rounded, aggregated crystal forms similar to those 
obtained with peptone additions in Section V-4. Additions of, for 
example, glycine or sulphosalicylic acid to similar electrolyte 
solutions resulted in the generation of reflective surfaces which were 
composed of closely packed, oval-shaped crystals. Additions of 
triethanolamine or methylamine however, resulted in electrodeposits 
which displayed marked, outward growth characteristics. 
An observation of significance was that the electrodeposits 
generated from pyridine solutions displayed a tendency for aggregation 
across the deposit surface; in some instances, dendritic growth 
occurred laterally to the substrate surface. 
Although related addition agents gave similar effects, no direct 
connection was observed between structure of an addition agent and 
surface topography of electrodeposits; for example, functional groups, 
dipole moments and size of molecules could not be correlated with the 
nature of deposits produced. The role of addition agents is complex 
and is interrelated with the effect of the solvent. In some cases, it 
is thought that monomolecular layers are formed (see page 151) and in 
-13B- 
the case of solutions in pyridineg silver-py-ri dine complexes 
have 
been o'bse 
101 
rvea. 
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PART I 
SECTION V 
RESULTS OF ELECTRON DIFFRACTION STUDIES 
-140- 
- Reflection-electron diffraction was used-to study the modification 
of surface structure of silver electrodeposits induced by certain of 
the addition agents mentioned in Part 5- of this section. The 
examinations were conducted at grazing incidence employing 50 - 60 kV 
electrons and a camera length of approximately 47 cm- (See Appendix 119 
in which the crystal faces referred to in the following are 
illustrated) . 
The electrodeposition was carried out employing the apparatus 
shown in Figure 3Y page 31; the cathode was a polished metal platep of 
dimensions lcm x lcm x 0.2 cm. Initiallyp the electrodeposits were 
generated onto a polished copper surface which was prepared by fine 
abrasion with emery paper maintained moist with iso-propyl alcohol 
followed by a thorough polishing with 'Bluebell' metal Polish. A 
similarly preparedq polished-silver plate, wasýusedýin the later 
studies because of the formation of immersion silver deposits on the 
copper surface. This could be attenuated by presetting and switching 
the current on prior to immersion'of the cathode into the electrolyte. 
Further Ij a-silver perchlorate/NgN-dimethylformamide electrolytep to 
which 5 9/1 glycine had been added, was found to have turned a pals 
blue colour after contact with the polished copper cathode. A2m 
0 (20jOOOA) deposit from such a solution proved to be too rough for any 
diffraction patterns to be observed and patches of blue colourations 
were generated with the electrodepositso These were thought likely to 
have been deposits of cupric hydroxide. 
After electrodeposition from the selected electrolytes, the 
specimens were washed in alcohol and placed in a stoppered test tube; 
Ihe electron diffraction studies were undertaken within a period of 
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8 hours. Due care was exercised in avoiding handling of the 
electroplated specimens. 
PhOtOmicrographs of the deposit surfaces are also included and 
are numberedt as are the diffraction pattern platesp in accord with 
the specimen numbers referred to in the text below. In some cases two 
regions of the surface were examined and where this is applicable, 
both diffraction pattern plates are shown* 
The basic electrolyte used was a solution of 30 9/1 silver 
perchlorate in NpN-dimethylformamide. Two specimens were prepared with 
deposits generated from a solution containing 30 9/1 silver perchlorate 
in pyridine* 
Specimens 1 and 2 both gave rings consisting of the diffractions 
of normal face-centred-cubic silver. The rings showed no signs of 
arcing and thus corresponded to randomly orientated silver* The 
additional rings on Specimen I corresponded most closely with patterns 
from silver chloride and are not of benzoic acid. Such extra rings 
probably are present due to chloride ions introduced as impurities 
during the experiment. 
Specimens 39 4P and 5 also gave patterns of rings consisting only 
of the diffractions of normal face-centred-cubic silverp with 
additionally some banding across the region between the two innermost 
silver rings and slightly inside the innermost ring (111 diffraction) 
UP to the 100 hexagonal close-packed diffraction; this being evidence 
of some lamellar stacking faults or octahedral twinninge 
The patterns from Specimen 4 have a very slight strengthening of 
the innermost ring and a slight weakening of the second ringg in the 
(cont'd on P-147) 
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0 -ýubstrate Specimen 1.1000 A silver alectrodeposited onto polished copper 
from AgC16 4 
/N, N-Dimethylformamide +5 9/1 benzoic acid. 
0-504 amps per sq. dm. at 210C. 
- 'ý `, KV; 1v 4, " (, - 
"I. " -ý -V, 
' C: "" - 
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0 Specimen 2.20,000 A silver electrodepoeited onto polisned copper 
substrate from AgClO 4 
/N, N-Dimethylformamide +5 g1l benzoic 
acid. 0.504 amps per sq. dm. at 21 
0 C. 
- '), 4V; -4ý, c: l., - 
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0 SPecimen 3- 1000 A silver electrode posited cc. '! 
from AgClO /N, N-Dimethylformar. -, : -. e +- 9/1 SuýPbo---BlicYllc 4 
acid. 0-504 amps per sa.. dm. at Z1 
0 C. 
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0 
Specimen 4. 10"10 A siiver electrodeposited (:, rto Poilssýec coPier , ýuLstrate 
from AgClO 4 
/N, N-Dimethylformamide+ 5gll Succinic ac, -d. 
0.504 amps per sq. dm. at 21 
0 C. 
III I-, CIS. 
rv -Iý -I. J I.. 
-146- 
0P 
Specimen 5.1000 A silver electrodeposited onto polished 
copper sulý7t! ', qtl 
ý, 4 
/1 peptone. from AgCIO /N, N-Dimethy1formamidp 
+9 
0-504 amps per sq. dm. at 21 
0 C. 
. i. 
jd 
ir 
gob& 
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region of, the plane of incidence of the electron beam on the specimeng 
i-e- near a vertical line from the central spot (undeflected beam). 
This indicates a very slight preference for orientation of the silver 
crystals with an octahedral plane parallel to the mean substrate planev 
orientation. It can be inferred from this that the silver 
crystals were tending to be bounded by 
ý1111 faces. 
The patterns of rings from Speoimens'3'and 5 show no signs-of 
these arcs and thus correspond to randomly orientated silver. 
The patterns from Specimens 3P'4'and 5 were all of the 
_'transmission, 
typ'eg"without marked-refraction effects; thus the 
surfaces of the specimens were relatively rough on the atomic scale 
of dimensions. 
Specimen 6 showed strong face-centred cubic, silver rings with 
some strengthening of theinnermost. ring (i. e* 111) in the plane of 
ýinoidence regiong showing-a weak preferred orientation of the crystals 
with a 
ý1113 
plane tending to be parallell'to-the surface. ' This is 
typical of 'lateral growth' conditionsq and. this is also indicated by 
the smooth shining sUrface-of the" electrodeposit. Additionally, a 100 
hexagonal diffraction ring, isýseen close inside the Ill face-centred- 
cubic ringt showing that'some'stacking*faults are present. 
Specimen, 7 gave a rather faint pattern, due to the rough surface 
nature of the electrodeposit;,, the', spotted rings are indicative of a 
rough surfacep and the indicated weak 
ý1103 orientation of the face- 
centred-cubic silver is typical of, outward growth conditions as apply 
at such rough deposit surfaces* 
Specimen 8 also gave rather faint patterns from a'deposit with, 
(cont'd on P-151). 
0 Specimen 6.209000 A silver electrodePosited onto Polished silver 
substrate from AgCIO 4 
/N, N-Dimethylformamide +5 9/1 Glycine. 
0-504 amps per sq. dm. at 21 
0 C. 
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0 Specimen 7.20,000 A silver electrodeposited onto polished silver 
substrate from AgCIO 4 
/N, N-Dimethylformamide +5 9/1 
ortho-bromobenzoic acid. 0-504 amps per sq. dm. at 21 
0 C. 
-14 Mm I W&., 
,- s-, VV ý-4-7 ý--s 
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Specimen 
0 
20,000 A silver electrodeposited onto polished silver 
substrate from AgClO 4 
/N, N-Dimethylformamidp +5 9/1 
para-bromobenzoic acid. 0-504 amps per sq. dm. at 21 
0 C. 
- ý5 iý kV -) - 14--7 cý, s 
V47C4- 
A 
x') 3 ý', 
ýý I I- %W ý 
-, 
.1, "W. --"I ow% 
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a'ro ugh surfaceq which was similarly showing only weak orientationg if 
any; this was probably also 
E110ý face-centred-cubic orientation. 
About four additional rings are presentp all being faint except for a 
m. oderately strong one at about 1.25 cm radius (beyond the 200 silver 
ring at approximately 1.20 cm radius). These additional rings do not 
correspond to silver bromide.., 
Specimen 9 shows arced silver-diffractionst with the strongest 
arc on the 220 ringt centred'on, the plane'of-incidence (of the 
electron beam on the specimen). This indicates that the deposited 
silver has grown in preferred orientation with a 
ý1103 
plane tending 
to be parallel to the surface. This is an orientation characteristic 
of 'outward growthIq and the correspondingly rough surface is indicated 
by the 'transmission' type otdiffraction patternp with no marked 
refractive effectst and with relatively sharp'ringso 
The patterns from Specimen 10 showed arcs which indicated from 
their positions that the'silver was, stronglyýorientated with a cube 
facet &001, parallel to the substrate,., surface or nearly so; and the 
vertical broadening of the 200 and 400 area (centred on the plane of 
incidence) is indicative of relatively Simooth", cube faces on the 
deposit crystals. The 
E1001 
o. rientation has evidently arisen because 
of the development of cube faces. on, the growing silver crystals. 
Additionally, the patterns, I show a*vertical-streak which appears to be 
due to a layer (monomolecUlar)_Iof a material--which could be the 
addition agent. On this vertical streak there are'two spots (radial 
distances 0.63 cm and its second orde Ir 1*26, cm, and 0. -82 cm) 
000 
_corresponding 
to, the net-plane spacings 3168. A and 1-84 Ap and 2-83 A9 
respectively. These Spacinge. are-not due too(-quartz from the metal 
(cont'd on P-154) 
-1 ý? - 
0 Specimen 9.209000 A silver electrodeposited onto poli,, ýhed , ýilver 
substrate from AgClO 41N 
N-Dimethylformamide +5 9/1 
triethanolamine. 0-504 amps per sq. dm. at 21 
0 C. 
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0 Sppcimen 10.20,000 A silver electrodeposited onto polisfied 
substrate from AgClO 4 
/N, N-DimethylformaLnide + 11 k,, -' 
0, 
p-toluidine-2-sulphonic acid. 0-504 amps per sq. dm at 21 C. 
The specimen had a pink colouration. 
Elk 
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Polish used in surfacing the substratev since the strongest quartz 
0 diffractions have spacingsp d, of 3-35 A (101 diffraction) and 4*2 
(100 diffraction). These spots mayp like the vertical streak, be due 
to some of the addition agent present on the surface. 
As Specimen 10 had a pinkish colourp the experiment was repeated 
with Specimen Ilp this having a somewhat thicker electrodepoeit than 
Specimen 10,0 probably in the order of 309000 A. Specimen 11 showed 
mainly hexagonal close-packed silver diffraction arcs indicating a 
preferred orientation with 
J100ý 
planes of the hexagonal lattice 
parallel to the specimen surface on the average (with separation *300 
spread from the mean). The hexagonal 1009 2009 and 300 arcs are centred 
on the plane of incidencep and the 300 are coincides with the 422 face- 
centred-cubic diffraction ring position. A moderate amount of face- 
centred-cubic silver is also presentp this being randomly or only 
weakly orientated. 
The patterns from Specimen 12 show only arcs due to silverv but 
with the strong 311 type of arc centred on the plane of incidencep 
indicating mainly f3lIj preferred orientation of the silver crystaleg 
ioe* with a 
&II 
plane tending to be parallel to the surfaceo This 
orientation appears to have arisen because the crystals had developed 
faces of E3113 type as indicated by an appreciable refractive 
displacement and broadening 'of the 311 arc downward towards the 
shadow edge. Crystals orientated with such a face parallel to the mean 
cathode surface grow laterally most rapidly and soon predominate in 
the upper regions of the growing deposit. A weak central arc on the 
innermost 111 ring indicates that a small proportion of the silver 
deposit crystals have a 
ý111ý 
orientation which is the normally 
observed orientation characteristic of lateral growth conditions. 
(cont'd on P-157) 
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0 Specimen 1_1. >2OtOOO A silver electrodeposited onto polished silver 
substrate from AgClO, /'N, N-Dimethylformamide + r/l 
p-toluidine-2-sulPhonic acid. 0.504 amps per sq. dm. at 
Specimen was Phiny, silver coloured and slightly milky 
R ppe a, rp.! IC e. 
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SLEEIELn 2.20,000 Ao silver electrodeposited onto polished silver _L 
substrate from AgCIO 4 
/Pyridine +5 Lz/l p--toluidine-22-sulphon-, c 
acid. 0.504 amps per sq. dm. at 21 
0 C. The Fpecimen had ýl 
silvery, slightly iridescent appearance. 
wo inmo 
%-ýIit , odivomp 
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, 
The patterns from Specimen 13 show weakly arced rings due to 
silv erg probably mainly in 
&111 
orientation; and additionally many 
sharper rings which appear to be due to silver sulphide crystals which 
are in a preferred orientation relative to the substrate surface. 
It should be noted that the deposit thicknesses referred to in 
the foregoing are anticipated values based upon usage of the 
appropriate time and current densityt and in some instancesq i9ee 
Specimens 39 49 5, and 8t coverage is poory so that the actual thickness 
is much less than that anticipated* As however the main objective of 
these particular studies was to realise specific effects induced by 
certain addition agentog the precise deposit thickness *as of secondary 
importance. A solution in which dendritic growth is suppressed would 
need to exhibit such qualities up to deposit thicknesses of 0-5 cm in 
certain electrochemical timer applications. 
Discussion and Summary 
Although no significant inferences were made regarding the 
0 
studies conducted on 1000 A thickness depositsp certain of the results 
obtained in Section V-5 were verified on thicker deposits by reflection 
electron diffraction. In particularv glycine additions to a silver 
Perchlorate/NpN-dimethylformamide electrolyte were observed to have 
produced electrodeposits which displayed lateral growth characteristics, 
whilst triethanolamine additions to a similar electrolyte had the 
effect of promoting outward crystal growth. 
Once again, the studies made with pyridine solutions showed the 
strong tendency for the deposits to grow laterally (refer Specimen 12) 
compared with the deposits produced under identical conditions from 
NpN-dimethylformamide based electrolytes- 
-1 5b- 
Specimen 13.20,000 X silver electrodeposited onto polished silver 
substrate from AgClO 4 
/Pyridine +2 g1l Ammonium thiocyanate. 
.. 04 amps per sq. dm. at 21 
0 C. 0 1, 
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PART I 
SECTION V 
7. RESULTS OF ELECTRODEPOSITION OF SILVER 
OVER AN EXTENDED TEMPERATURE RANGE 
-160- 
Certain relevant factors'in the generation of electrodeposits 
over an extended temperature range had-become apparent in the earlier 
experimentsg-and consequently the prime requirements for an electrolyte 
to'be capable of such operation in a closed systemp as shown in Figure 
5v Page 359 may be summarised as follows. 
The-electrolyte. must be stable over the required temperature 
range. 
(2) Operation at low temperatures should result in deposits which 
are not darkt as dark deposits appear to be associated with poor 
adhesion and consequent malfunctioning of the electrolytic system. 
Operation at-elevated temperatures should not be accompanied 
by too pronounced dendritic forms as such growths result in shorting 
between the two electrodes. 
These requirements are in addition to the more obvious ones of 
toxicityp liquid range etc., which were discussed in Section. IV under 
I Selection of Solvents' 
(1) Stability 
Silver Perchlorate/Propylene Carbonate 
I 
Solutions of silver perchlorate in propylene carbonate were found 
to decompose; this decomposition was accompanied by the formation of 
light-sensitive precipitates. 
Electrolysis of a solution containing 37 grams per litre of 
silver perchlorate produced white, non-adherent deposits of silver at 
a current density of 1.08 amps per 'sq. dm. and a temperature of 23 
0 C; 
this solution however decomposed rapidly upon heating. 
A freshly prepared solution gradually turned from a pale yellow 
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toa groy, colour, on standing at an ambient temperature. After 
centrifugingg the deposits generated by electrolysis of the pale 
yellowt decanted liquid were found to be more adherent than those from 
a freshly prepared solution. 
Equal'aliquots of alreshly prepared silver perchlora . tý'/j: ropyle' .n. e 
carbonate solution (37 grams per litre) were left to stand for 24 
hours; one sample being placed in the dark whilst the other was left 
exposed to light. The solution stored in the dark was found io have 
produced a white precipitate and the solution exposed to light had 
produced a'grey precipitate. Equal amounts of precipitate were present 
in each solution.. Further, the specific conductance of the solutions 
had fallen from 2-7 x 10-1 J171m7l to 0.25 x 10-1 -ClMrl 
(210C). 
I 
To study the behaviour of this electrolyte in a closed systemp six 
units of the form shown in Figure 59 page 359 were filled with a 
solution of 37 grams per litre silver perchlorate in propylene 
carbonate and then operated at various temperatures using a current 
density of 1.00 amps per sq. dm. The results-were as follows. 
2 units operated "at 80 0C Deposits were white and brightt but 
"dendritic growth formation resulted in 
-shorting after 12 hours operation. 
Electrolyte darkened* 
2 units operated at 25 0C- Deposition was dendritic but to a lesser 
extent. than at 80 
0 C. Units shorted after 50 
hours of-operationg with-solution 
-decomposition not very pronounced. 
0 
-,. I)eposits were dark grey/silver and slightly 2 units operated at -25C , 
'dendritic. Units developed high resistances 
and passage of current difficult to maintain, 
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Silver"Nitrate/Propylene Carbonate - 
Silver nitrate proved to be neither as soluble norg as to be 
expectedy as conductive as'silver perchlorate in propylene carbonate, 
Purthery solutions were found to decompose 'at ambient temperatures; 
this decomposition was- accompanied by the precipitation of black 
deposits* 
Electrodeposits from silver nitrate/propylene carbonate solutions 
have been seen to be dark both at ambient and at sub-zero temperatures* 
Silver Nitrate/NgN-Dimethylformamide 
A solution containing 20 grams per litre of silver nitrate in 
NgN-dimethylformamide was found to darkenj such darkening was 
accelerated by high temperatures. The decomposition was accompanied by 
the formation of light-sensitive precipitates. 
The addition of concentrated aqueous nitric acid to these 
solutions was found to markedly retard the decomposition- A solution 
contain ing 20 grams per litre'of silver nitrateg to which 5 grams per 
litre of nitric acid had been addedg showed no evidence of 
decompo'sition after a period of 2 hours at 100 
0C" Electrolysis from 
this solution produced smoothp whitel adherent deposits of silverg the 
adherence being superior to that of deposits from solutions 
containing no acid additions. 
Other acids such'as acetic acid and benzoic a6idp being normally 
, weak electrolytes in aqueous solutiont proved 
to be capable of 
preventing decomposition' but to a lesser extent than nitric acid. 
Sulphuric ac-id additions resulted in the formation of silver sulphate, 
which is insoluble in NpN-dimethylformamideo 
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Such additions however were found to have merely a retarding 
effect upon decompositiong and would have offered little practicality 
in an electrolyte which could be required to be employed for periods 
up. to 10,000 hours 
. 'at a, -. 
temperature of 100 0 C. 
Silver Perchlorate/N, N-Dimethylformamide 
Whilst the deposits obtained by'electrolysis were superior in 
appearance'to those from other systemsp silver perchlorate/ 
NpN-dimethylformamide solutions were found to be unstableg particularly 
so at temperatures in excess of 60 0 C. Decomposition was accompanied by 
i", - 
the formation of a whitish precipitate which rapidly darkened on 
_exposure 
to light. 
As in, the case of silver nitrate/N9N-dimethylformamide solutionep 
acid additions were found to temporarily suppress decompositiong such 
decomposition again becoming evident after periods of operation at 
elevated temperatures. 
Precipitation from NgN-dimethylformamide solutions occurred much 
less rapidly than from the equivalent propylene carbonate solutions. 
Silver Nitrate/Pyridine 
No decomposition effects were observed apart from a slight 
darkening of the solutions upon prolonged standing. 
Silver Perchlorate/Pyridine 
, -. No decomposition effects were, observed. 
The solutions exhibited a 
tendency to change from a straw coloured to a pale amber coloured 
liquid upon standing, but no evidence, of precipitation was apparento 
Due to the decomposition effects encountered with electrolytes 
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based upon proPylene carbonate and NP'N-dimethylformamidep a system 
utilising pyridine as the media was studied in greater detail. Results 
of-silver electrodeposition from pyridine systems have so far indicated 
that the deposits generated from perchlorate solutions were brighter 
and more adherent than those from nitrate solutions. 
A basic electrolyte solution composed of silver perchlorate in 
pyridine was thus selected for further study in respect of high and 
low temperature electrodeposition characteristics. 
(2) Electrodeposition at Low Temperatures 
Electrodeposits generated from silver perchlorate/pyridine 
solutions at temperatures of -45 
0C 
are grey in colour and reflectiveg 
but display a tendency to If lake off I .. 
(See photomicrograph 2071-6) 
Additions of ammonium thiocyanate were found to enable bright 
deposits of silver to be generated at -45 
0 C. In this instancev 
ammonium thiocyanate appears to be acting as a grain refining agent 
(see photomicrograph 2071-7). Furtherp the amount of the-additions 
appeared to, be critical as the presence of too much a=onium 
thiocyanate resulted in the production of very dark deposits at low 
temperatures. 
It was found that the adherence of the deposits was improved by 
additions of a surfactant; two sucho which proved to be readily 
soluble in a silver perchlorate/pyridine solutiong being Teepol, L 
(supplied by Shell Chemical Co. * Ltd. ) and Manoxol IB. The adherence of 
the low temperaturp deposits was also found to be improved by the 
prior application o'f a Isilver'strikel carried out at an ambient 
temperature. 
- 16 _5, - 
Blectrodeposits were obtained from the following solutions, 
employing the apparatus shown in Figure 39 page 319 and the results 
are as recorded below. A current density of 0-504'amps per sq. dm. was 
used in all these studies. 
M AgC'04 30 gms/litre 
'H 45CN I gm/litre 
Teepol L 0-5 gms/litre 
at 200C - smoothq white silver deposits were produced 
at -200C - pale yellow, smooth silver deposits were produced. 
at -400C - black deposits were produced. 
AgClO 4 30 gms/litre 
11H 43CN 5 gms/litre' 
Teepol L 0-5 gms/litre 
II at -20 
0C- blackg sooty deposits were produced. 
(iii) AgCI04 30 gme/litre 
NH 4SCN 5 gms/litre 
Teepol L 40 gms/litre 
at -200C black deposits were produced. 
4 
-, (iv) AgC104 30 gms/litre 
'WE 4 SCX 5 gms/litre 
Teepol L 10 gms/litre 
at -20 
0C black deposits were producedo 
(v) JLgC'lO 4 30 gms/litre 
NK 43CII 1 gm/litri 
Teepol L2 gms/litre 
at -200C whitev smooth silver deposits were producedq these 
deposits being slightly yellow coloured at the 
cathode plate edges. 
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at -40 0C very pale yellowt brightp adherent silver deposits 
were produced. 
(vi), Agclo 4 30 gms/litre 
NK 43CM 2 gms/litre 
Teepol L2 gms/litre 
at -200C slightly yellowq adherent deposits of silver 
were produced. 
(vii) 
4 30 gme/litre 
NH 4 SO 3 gms/litre 
Teepol L2 gms/litre 
at -200C darkq yellowish silver deposits were produced. 
(viii) AgClO 30 gms/litre 4 
NH SO 0-5 gms/litre 4 
Teepol L2 gms/litre 
at -200C - whitep smooth silver deposits were produced* 
at -40 
0C- very pale yellowy adherent silver deposits 
were produced. 
From the results listed above-it may be concluded that low 
temperature electrodeposits from silver perchlorate/pyridine solutions 
are brightened by discrete additions of ammonium thiocyanatel provided 
that the quantity of such additions does not exceed 3 gms/litre. 
Additions of Teepol L improve the adherence of the electrodeposits 
without altering their brightness. 
Similar results were obtained by using the same variables with 
Manoxol. IB present as a surfactant instead of Teepol L. The yellow 
colour of the low temperature deposits was found to be eliminated by 
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employing Manoxol IB9 additions of such in excess of 2 gms/litre 
having no further effect upon adherence. 
That the grain refining characteristics of ammonium thiocyanate 
aiisar to diminish at higher concentrations may be seen from 2071-8 
(photomicrograph). 
Solutions of silver perchlorate in pyridine (30 gms/litre) 
containing ammonium thiocyanate and Manoxol 1B in various 
concentrations showed no evidence of decomposition after storage in 
stoppered containers for a period of 72 hours at a temperature of 
011. I- 100 C. 
(3) Electrodeposition at Elevated Temperatures 
Electrodeposits generated from-a silver perchlorate/pyridine 
solution-00 gms/litre) at IOOOC proved to be-brightp white and 
moderately adherentp, with dendritic growths in evidence* When 
introduced and operated within a sealed systemp as illustrated in 
Figure 59 page 359 these growths led to short-circuiting of the unit. 
I 
The growths and shorting-out effects observed were very similar to 
those encountered at high temperatures with a silver nitrate/pyridine 
systemp the results of which have been described in Section V-3 and 
are shown in Plate 49 page 83- 
The following pyridine-based-electrolyte solutiong which has been 
, seen to be capable'of generating brighto adherent electrodeposits 
at 
-40OCt similarly gave rise to brights featheryp dendritic growths when 
introduced into a sealed unit and operated at a temperature and 
current density of 100 0C and 1.00 amps per sq. dm* respectively. 
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Agclo 4 30 gms/litre 
NH4'9CN -0-5 gms/litre 
Manoxol 1B 2 gms/litre 
3-1- Units of the form of that, in. Figure 5 were constructed such that 
porous plugs etc. were introduced into the electrolyte chamber; these 
methods appeared to offer means whereby dendritic growths could be 
controlled by reduction of the potential gradient at the electrodes - 
see page 186o The following experiments were conducted using the 
electrolyte of the above composition* 
(a) A porous plug of glass woolo 3 mm in thicknesst was 
introduced into the electrolyte chamber such that it was, wedged firmly 
in, position against the inner walls of the chamber. Three units of 
this formp after filling with electrolyte under vacuum and sealing at 
1050CP were operated at a temperature of 100 
0C employing a current 
density of 1.! j amps per sq. dm. All the units were shorted out by 
dendritic growths after a period of 25 hoursp the growths having 
formed through the glass wool barrier, 
(b) Units having a glass wool plug of 8 mm thickness were found 
to cease operation much more rapidl y than (a) under the same 
conditions of temperature and current density. The dendritic growth 
f, , 
was in this instance accompanied by a decomposition and darkening of 
the electrolyte contained within the restricted volume between the 
silver anode and the glass wool-barrier. 
(c) A glass sinter, containing approximately 35 holes per cm and 
being 5 mm widep was sealed into the electrolyte chamber in a position 
mid-way between the anode and the cathode. Three units of this 
construction were operated at a current density of 1-5 amps Per sq. dm. 
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and at a temperature of 100 0 C. The units ceased to function after a 
Period of 45 hours; this represented anode erosion amounting to 50% 
Of its initial mass. 
3.2* The apparatus'sýown in Figure 4 was employed in the following 
experiments as a convenient method of comparing the amount of 
dendritic growth produced during electrodeposition at elevated 
temperatures. 
As has been seen to be the case with NpN-dimethylformamide based 
solutionsp closer crystal packingg resulting in a preference for 
lateral as opposed to vertical growth formst is associated to some 
extent with the amount of silver in the electrolyte. A preference for 
lateral growth in the electrodeposits would clearly inhibit dendrite 
formation. 
The following solutions were subjected to electrolysis at a 
current density of 1-5 amps per sq. dm. q and the results are recorded 
below. 
AgClO 4 
15 gms/litre 
NH4SCN 0.5. gms/litre 
Manozol IB 2 gms/litre 
0 at 100 C featheryp dendritic deposits were produced. 
(ii) AgClO 4 
15 gms/litre 
NH SO 0-5 gms/litre 4 
Manoxol IB 2 gms/litre 
Water 30 gms/litre 
at 100 0C deposits were identical in appearance to those 
from (i) except thafthey appeared to be more 
adherent than in (i). 
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4 25 gms/litre AgClO 
NE 4 SCN- ý 
0.5 gms/litre 
"A 1, Manoxol 1B 2 gms/litre 
at 100 0C deposits were similar to those in (i) and (ii) 
except that they were. brighter. 
(iv) AgClO 4 50 gms/litre 
ýms/litre NH 4 SO 0-5 g 
Manoxol IB 2 gms/litre 
at 100 0C dendritic growth formation appeared to be retarded 
even though the deposits produced were very fine 
and needle-like. 
(v) AgClO 60 gms/litre 4 
J, 
NH 4 SO . _, 
0.5 gms/litre 
Manoxol 1B 2 gms/litre 
at 100 0C deposits were very bright and dendrite formation 
was, only-, sligýily in evidence. 
3-3* The solution as in (v) abovey containing 60, gms/litre silver 
Perchlorate in pyridineq was employed in further studies designed to 
evaluate the effects of-ýaddiiion agents. upon dendritic growth. At this 
stage howeverp to eliminate any possibility of side'effectsp'the, 
basic solution used wa's one"of 60 gms/litre silver Perchlorate in 
pyridine to which the additions recorded below were made. The apparatus 
was as in Figure 4 and electrolysis was carried out at an ambient 
temperature (220C) with a current density of 2.00 amps per sqodm. for 
a Period of 20 minutes. 
(i) No additions 
d Deposits were white and adherent with. " 
endritic growths in 
evidence on extremities of cathode. 
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(ii) Manoxol 1B (2 gms/litre) 
Deposits were white and adherent as in (i) but had a more 
needle-like appearance. 
(iii) Ammonium Thiocyanate (0.5 gms/litre) 
Deposits were whiteg fairly bright andadherentv with 
featheryp crystal growths formed on the higher current density areas 
of the cathode. The, growth of crystals out from the protruding edge of 
the cathode was in the order of 5 mm- 
(iv) Quinol (3 gms/litre) 
Feathery dendrites in evidencep protruding to the extent of 
2 mm from the leading edge of the cathode* 
(v) Tartaric Acid (3 gms/litre) 
Deposits were fairly bright and dendrites had formed to a 
distance of 5 mm from the cathode edge. 
I (vi) B. D. T. A., Di-Sodium salt (3 gms/litre) 
Deposits were white and adhqrent, with growths forming to a 
distance of'5 mm from the leading edge of the cathode. 
(Vii) bimethylglyoxime 0 gms/21tre) 
Whitep adherent deposits were formed; dendritic growth 
occurring to the extent of 2 mm. 
(viii) Ben-zoio Acid (3 gms/litrý) 
Adherent deposits were produced with growths to the extent 
of 3 mm from the cathode leading edge. 
(ix) Silver Thiocyanate (3 gms/litre) 
Growths were feathery at the higher current density areas of 
the cathode plate and occurred to the extent of 5 mm from the cathode. 
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(x) S. P. A. D. N. S. 12-(p-sulphophenylazo)-1,8-dihydroxy-3 
naphthalenedisulphonic acidq trisodium salt] (3 gms/litre) 
.4 
A purple/red solution resulted from such an additiong and the 
deposits produced were needle-like and dendritiog protruding to an 
extent of 6 mm from the cathode edge* 
(xi) Gelatine (3 gms/litre) 
Gelatine additions were introduced by refluxing# and 
electrolysis produced needle-like deposits protruding to a distance of 
approximately 5 mm from the cathode edgee 
(xii) Glycerol (3 gms/litre) 
The deposits had powderyt dendritic growth forms; further 
additions of glycerol produced deposits with a finerp needle-like 
quality. Growths occurred to the extent of 3 mm in the first instance 
and to an extent of 5 mm in the second instance. 
(xiii) Glycine (3 gma/litre) 
Compactv feathery growths were produced to a distance of 
about I mm from the cathode. 
(xiv) Sulphosalcylic Acid (3 gms/litr--el 
Dendrite formation occurred to a distance of about I mm out 
from the cathode edge. 
(xv) 2-Toluidine-2-Sulphonic Acid (3 gms/litre) 
Whitep smooth silver deposits were produced with no apparent 
formation of dendrites. Growth from the cathode edge occurred to an 
extent of less than 1 mm. 
(xvi) Dibenzylamine (3 gms/litre)- 
Dendritic growths occurred to the extent of approximately 
1 mm from the cathode leading edge* 
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-(xvii) Thioureat(3 gms/litre) 
-Growths were formed to, a distance of aboutý2 mm from the- 
cathode. -, 
(xviii)-Sulphanilic Acid (3 gms/litre) 
Dendritic growths were in evidence to the extent?, of being 
12 mm from the cathode edge* 
(xix) P-Bromobenzoic Acid (3 gms/litre) 
Crystal growths occurred to the extent of less than I mm 
out from the cathode leading edge. 
(xx) Cellobiose (3 gms/litre) 
Dendritic growths occurred, to a distance of-4 mm from;. the 
cathode* 
(Xxi) Peptone (3 gms/litre) 
Whitep smooth deposits were producedg, with hardly any 
dendrite formation in evidence. -, Such growth, as-there was was present 
to the extent of being less than 1 mm out from the leading edge of 
the cathode. 
(xxii). Benzene Sulphonic Acid (3 gms/litre) 
, 
Dendrite formation occurred to the extent of I mm from the 
leading edge of, the, cathode plate. 
The addition agents used in the solutions 
(xiii) to (xxii) 
inclusive were selected because of their known ability to produce 
rounded, closely-packedpand relatively non-angulary crystalline 
forms (see. Section V-54- ,ý, ýý ,I 
Whilst all of these systems generated blackq non-adherent 
deposits upon electrolysis at -40 
0 Cl discrete additions of ammonium 
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thiocyanate and Manoxol IB were found to render these deposits bright 
and adherent without apparently impairing the ability of the addition 
agents to minimise dendrite formation. 
I 
Of the addition agents employed to assist dendrite suppressiono 
p-toluidine 2-sulphonic acid appeared to be the most satisfactory. The 
closer crystal packing of silver*deposits produced from solutions 
containing p-toluidine-2-sulPhonic acidv compared with those produced 
0 from a solution without any additionsp at 100 Cy may be seen by 
reference to photomicrograp's h 197 -6 and 1971-7- Furtherl a quantity of 
I gm/litre Of P-toluidine-2-sul phonic acid in 
. 
combination with the 
requisite amounts of ammonium thiocyanate and Manoxol 1B was found to 
be sufficient for suppressing dendrite formation whilat at the same time 
allowing brighty adherent deposits to be produced at low temperatures. 
No evidence of solution decomposition was observed upon subjecting 
such a solutiong in sealed unitsp to a temperature of 1000C for periods 
up to 5000 hoursp with and without passage of current during this 
interval. 
The electrolyte was thus formulated as followss- 
Silver Perchlorate 60 gms/litre 
Ammonium Thiocyanate 0.5 gms/litre 
p-Toluidine-2-Sulphonic Acid 
Manoxol IB 
1 gm/litre 
2 gme/litre 
'SolVent Pyridine. 
By employing both the apparatus shown in Figure 3 and sealed 
units as in Figure 5P electrolysis at low and high temperatures from 
such a solution'pro I duced^the following results. The current density 
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used was 0-54 amps per sq. dm. 
at +100 0C- very-bright deposits. 
at +60 0C- very brightq satiny deposits. 
at +23 0C- brightp satiny deposits. 
at -20 
0C- 
whitep silver deposits. 
at -40 0C- whitey silver deposits. 
I at -500C - white, silver deposits. 
at -60 
0C- 
whitishy silver deposits. 
at -62 
0C- silver/grey deposits. 
at -65oC - dullish silver/grey deposits. 
at -680C - dark deposits. 
The specific effects upon the nature of the deposits produced 
from solutions containing the above mentioned additions (ammonium 
thiocyanatep P-toluidine-2-sulphonic acid and manoxol IB) may be seen 
in the photomicrographs 4569-1p -2v -39 -4p and -59 which are 
presented at the end of this section. 
The deposits from a solution containing 60 gms/litre of silver 
Perchlorate in pyridine are shown in 4569-1. Additions of perchloric 
acid were found to increase the conductivity of such an electrolyteg 
butt as may be seen from 4569-29 had no effect upon the nature of the 
deposits. 
The grain refining characteristics of ammonium thiocyanate 
additions can be clearly seen in 4569-39 andq as might be expectedg 
additions of Manoxol 1B (4569-4) to this solution did not affeot the 
12ature of the deposits. 
The results of the addition of p-toluidine-2-sulphonic acid to 
the solution in 4569-4 are shown in 4569-5; such an addition appearing 
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to have encouraged a closer packedq crystal arrangement. 
The nature of the low temperature deposits produced from an 
electrolyte containing ammonium thiocyanatep p-toluidine-2-sulphonic 
acid and manoxol 1B additions is as shown in the photomicrographs 
1471-39 1471-69 2071-9p and 2071-10. The experiments 1471-3 and 2071-9 
were conducted at -45 
0 Cy whilst 1471-6 and 2071-10 were conducted at 
-650C- 
Discussion and Summary - 
An optimum solution for use in sealed electrochemical devices 
has been developed based upon pyridine as the solvent and incorporating 
additives chosen for their specific effects as observed and summarised 
in the previous sections. The contrasting requirements of brightening 
at low temperatures and dendrite suppression at ambient and elevated 
temperatures were met without mutual interference. 
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1971-6 30 Silver Perchlorate Pyridine 1.29 x 1079 
100 0C1.08 20 
Deposits were white and moderately adherent. 
Coverage was relatively poor; crystals were angular 
and disordered. 
1971-7 30 Silver Perchlorate Pyridine 1.29 x 10-9 
3 P-Toluidine-2-Sulphonic Acid 
100 0C1.08 20 
Deposits were brighter than those of 1971-69 and 
were silvery white and adherent. 
Crystal arrangement was very similar to 1971-6 except 
that the crystals were closer packed. 
2071-6 30 Silver Perchlorate Pyridine 1.29 x 10-9 
-45 
0C1.08 20 
Deposits were a steel grey colour, brightq and 
reflective; they were moderately adherent but 
had a tendency to 'flake off'. 
Crystals were extremely small and closely packed; 
the deposits had a striated appearance. 
w. e,. -p -W 
"A' AWML. - 
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2071-7 30 Silver Perchlorate 
0-5 Ammonium Thiocyanate 
-450C l. o8 
Deposits had a bronzed, silver white appearance and 
were moderately adherent. 
Striated forms were visible, with the crystals being 
closely packed but forming aggregates, each aggregnte 
being composed of angular, disorientated forms. 
Pyridine 
20 
1.29 x 10-9 
2071-8 30 Silver Perchlorate Pyridine 1.29 x 10-9 
2 Ammonium Thiocyanate 
-450C 1.08 20 
Deposits were a. pinkish silver colour, and were 
moderately adherent with a tendency to Iflake'. 
The surface appeared to be composed of extremely 
small, closely packed crystals; whole structure 
appeared to be part of a large, aggregated form. 
-. 
roo, 
ýiý, z,, 4%NW, Adlwä 
- 
-, WO 
1 ÄA 
,4 Apk 
4 
-179- 
4569-1 60 Silver Perchlorate Pyridine 1-34 x 10-9 
230C 0-54 20 
Deposits had a satiny appearance; they were smooth, 
bright and adherent. 
Crystal arrangement was of closely packed, indistinct, 
disordered forms; oval structures with some degree of 
angularity and of' varying sizes were merged together 
with smaller forms. 
4569-2 60 Silver Perchlorate Pyridine 1.34 x 10-9 
17 Perchloric Acid (60%) 
230C 0-54 20 
Deposits had a satiny appearanceg were smooth, bright 
, and adherent. 
Crystal arrangement was identical in appearance to 
that in 4569-1. 
4569-3 60 Silver Perchlorate Pyridine 1-34 x 10- 
9 
0-5 Ammonium Thiocyanate 
230C 0-54 20 
Deposits were bright, white, smooth and adherent. 
Crystal arrangement was of very distinct, well ordered, 
oval shapes; size variations were in evidence but not 
to the extent exhibited in 4569-1 and 4569-2. 
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4569-4 60 Silver Perchlorate Pyridine 1-34 x 10 -9 
0-5 Ammonium Thiocyanate 
2.0 Manoxol 1B (Wetting Agent) 
23 0c 0-54 20 
Deposits were very bright, satiny in appearance 
and very adherent. 
Crystal arrangement was of definite structures. 
The forms were larger, more angular and less 
ordered than those in 4569-3- 
4569-5 60 Silver Perchlorate Pyridine 1-34 x 10- 
9 
0-5 Ammonium Thiocyanate 
2.0 Manoxol IB (Wetting Agent) 
1 p-Toluidine-2-Sulphonic Acid 
230C 0-54 20 
Extremely bright, satiny, adherent deposits Of 
silver were produced. 
Crystals were very angular and of differing sizes. 
Arrangement was disordered and composed of angular 
forms merged together with smaller angular structures. 
1471-3 x! 16" r 
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v --. 1, ,*-", 
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1471-3 60 Silver Perchlorate Pyridine 1-34 x 10-9 
0-5 Ammonium Thiocyanate 
2 Manoxol 1B (Wetting Agent) 
1 P-Toluidine-2-Sulphonic Acid 
-45 
0C 0-54 20 
Deposits were white, smooth and moderately adherent. 
Crystals were small, distinct, rounded forms having 
some degree of angularity. Merged growth patterns, 
being somewhat dendritic, appear to have grown 
latitudinall across the surface. 
lokerck i ly 
1471-6 60 Silver Perchlorate Pyridine 1-34 x 10-9 
0-5 Ammonium Thiocyanate 
Manozol 1B (Wetting Agent) 
p-Toluidine-2-Sulphonic Acid 
-650C 0-54 20 
Deposits were a pinkish, silver grey colour, smooth, 
and moderately adherent. 
Very small, closely packed crystal arrangement. 
Crystals were well defined and had basically 
rounded forms. 
2071-9 60 Silver Perchlorate Pyridine 1-34 x 10-9 
0-5 Ammonium Thiocyanate 
2 Manoxol IB (Wetting Agent) 
I p-Toluidine-2-Sulphonic Acid 
-450C 1.08 20 
Deposits were a pinkish, silver grey colour, smooth 
and moderately adherent. Deposits identical in 
appearance to those of 1471-6. 
Deposits had a striated, interwoven appearance; 
striations had an aggregated structure. 
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Coulometry has long been an accepted practice for accurate 
determination of current strength, such a method being a direct 
utilisation of Faraday's first'law of electrolysis. The most accurate 
coulometric measurements are normally carried out by the controlled 
electrolysis of a silver nitrate solution. Other common coulometric 
practices include the electrodeposition of copper from an acidified 
copper sulphate solution andt as in a gas coulometerf measurement of 
the amounts of liberated hydrogen and oxygen from alkaline solutions* 
'-, *In the-same'manner that coulometry is employed in determining 
quantity of electricityg so may it be used in accurate measurement of 
time and/or currentq provided that only one-of these is a variables 
In-an examplep time may be-accurately measured as a direct function of 
the amount of copper liberated upon electrolysis under constant 
current conditions from an acidified sulphate solution. 
Based upon these principlesq coulometric devices may-be 
constructed-'in amanner that time would be directly-observable as a 
function of the-degree of erosion of an anodep the erosion occurring 
via electrolysis under constant current conditions. By utilising a 
rod-shaped anode of known dimensionsy measurement of time may be made 
by the use of a graduated scale placed on or adjacent to the anodep 
the length change being proportional to the mass loss and to time* 
A device thus constructed would have many timing applications in 
such fields as equipment maintenance and warranty recording of 
equipment. 
A preferred device would have the external. dimensions of a 
standard fuse (1j" x -L" dia. )v would have a low current consumptiont 4 
and would be capable of usage at different values of constant currentq 
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thus having various full-scale timing ranges. Furthert and especially 
for military or airborne usageg such a device would need to be capable 
of operation over a wide temperature range (-450C to +10000- 
Electrochemical devices not unlike elapsed time indicators may 
be used in ordnance timing applications. In this inBtancey use is made 
of the increase in resistivity across an anodic noble metal/metal - 
I electrolyte interface when all of the metal being electrodeposited has 
been removed from the noble metal surface. Components utilising such a 
principleg whilst not giving a direct indication of elapsed time at 
any given instantg would have many applications in areas having time 
delay requirements and where a visual indication of the passage of a 
preset elapsed time is required. 
A preferred embodiment of, this unit, would be miniaturisedg be 
capable of handling a wide range of input currentp and would offer an 
extended operational temperature range. Furthery the device would be 
preferably reversible in the sense that by reversing the polarity 
after completion of a timing operation a further timing operation 
could proceed. 
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Elapsed time indicators were constructed as shown in Figure 11. 
This assembly basically comprised a silver rod anode of 0-030" 
diameter and a spot-welded platinum cathode assemblyp the platinum 
plate having a diameter of 0.10". The glass body of the unit was made 
from L92 glass (supplied by Chance Glass Ltd. )q whilst the platinum/ 
glass seal was effected by means of an L86 glass bead on the platinum. 
In arriving at zuch a constructionq the electrode configurations 
and geometries were found to be of importance. Uniform erosion 
characteristics and thus more accurate reading of the device was only 
possible by surrounding the anode with a glass tube such that only the 
end of the anode was directly exposed to the electrolyte chamber. By 
this meansp a large potential drop was found to occur across the neck 
of the glass tube; this. consequently allowed a more uniform voltage 
distribution to take place in the electrolyte area approaching the 
cathode face. 
A quantitative appraisal of electric field effects within such a 
construction was undertaken with the aid of a 'Servomex' unit. In this 
methodp two-dimensional simulations of these devices were transcribed 
onto graphite-impregnated paper; the electrodesp of. proportionate 
dimensions, being represented by a silver-loaded paint. Potentialg 
expressed as a percentage of the total potential drop across the unit, 
was recorded by means of moving a contact probe across the surface of 
the conducting paper. By these meansp various combinations of anode and 
cathode configurations were examined. The results of these experiments 
are presented in Figure 12. 
The preferred characteristics of such readings were the 
occurrence of a high potential drop in the region of the exposed anode 
(cont'd on P. 289) 
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F10URE 11 
1.25" 
0.25" 
ELAPSED TIME INDICATOR 
Platinum/Glpss Seal 
Platinum Cathode 
Electrolyte Chamber 
Glass Housins 
Silver Anode 
Brass/Blectro-tin end cap 
Tin/Lead Solder (60140) 
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FIGURE 12 
Potential Distribution Plots 
(all figures given are as a percentage of the t0te-l potential drop) 
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189- 
face and a gradiial potential drop in the regions where electrodeposits 
were to be generated. These characteristics were beat observed in 
assembly (i) employing a silver anode with a diameter of 0-03011 and 
a cathodic platinum disc assembly. 
The indicator may be operated using the basic circuitry shown in 
Figure 13. The current consumption of such a devicep this being 
dependent upon the timing range being employedq is as follows. 
Current 
220 microamps 
110 microamps 
22 microamps 
2.2 microamps 
Timing Range (full scale) 
50 hours 
100 hours 
500 houri 
5000 hours 
The inclusion of a high resistance in series with the device was 
found to reduce errors which arose as a result of temperature induced 
changes in the impedance of the unit when operational at high and low 
temperatureS. 
Components constructed as detailed above were filled under 
vacuum with an electrolyte of the composition as recorded on page 174, 
the electrolyte being able to enter the unit via the hollow cathode 
which comprised a platinum tube spot-welded to a platinum disc, the 
disc having an aperture at the point of connection. The units were 
then sealed by successive crimping and soldering at a, temperature of 
110 0 C; the terminal caps and a graduated scale then being added as 
final assembly operations. A completely aseembled. device is shown in 
Plate 
Such units were found to have a reading accuracy of better than 
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PIGURE 13 
ý 
D. C. St 
Indicator 
(i) Operation from a stabilised supply. 
+ 0- 
D. C. Supply 
Resistor 
limiting 
zener current 
CV7102 
r-65Pc to 12.50C 
6' Volt Indicator 
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(ii) Operation from an unst9bilised supply 
OPERATIONAL CIRCUITS FOR ELAPSED TIME INDICATORS 
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0 
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during operation from a regulated supply over the full scale 
timing ranges of 50 - 5000 hours at temperatures between -65 
0C 
and 
+100 0 C. They were also found to meet the required environmental 
standards in respect of vibrationt impact and handling. 
Specifications for Elapsed Time Indicators - DEF 5011 amended). This 
elapsed time indicator is the subject of U. K. and U. So patentsIO29103 
4 
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Electrolytic removal of a known quantity of silver from a platinum 
-, electrode would proceed at a rate dependent only upon the current used* 
By utilising a precalculatedp constant current# the time required to 
completely remove the silver from the anode surface could thus be 
predetermined. The increase in resistivity that occurs across such an 
electrolytic system when the silver has been removed from the anode may 
be utilised to give a visual indication of the passage of the 
predetermined timee The electrolyte detailed on page 174 has been 
employed in devices capable of operation at high and low extremes of 
temperature. 
The device shown in Figure 14 was selected from several prototype 
assembliest each having different arrangements and dimensions of 
electrodes, as being the most satisfactory. Prior to assemblyp one of 
the electrodes was electroplated with a known quantity Of silver from 
an electrolyte of identical composition to the one used in the 
component. Reversibility of the unit necessitated the employment of 
identically dimensioned electrode assembliesp the glass sheaths around 
such being present to ensure that electrodeposition occurred only on 
the exposed faces. 
In an initial series of experimentst devicesp having a known 
amount of silver on one electrodeq were discharged at various constant 
currents employing the circuitry shown in Figure 15- 
The circuitry consists of a relay linked to electronic timing 
;, -- equipment (Labgearv Model No* D4108)9 with an oscilloscope 
incorporated to display the voltage variations across the test cell. 
When the resistance of the cell increasesp and hence the potential 
.., 
drop across itp a pulse is fed through the circuit and the timing 
(cont'd on P-197) 
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FIGURE 15 
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equipment is stopped. In this mannerg an accurate value of the 
discharge time of units was recorded. Q-ý 
All the units tested were discharged at a current of 0-5 MAP this 
being the lowest current at which the relay would function* Timing 
accuracy was found. to be within I%p all the testing having beený, - 
conducted at ambient temperatures* , 
Whilst such devices may have an initial deposit of silver on one 
electrode equivalent to 1 mA hourog this amount need not necessarily 
have-been deposited by the , employment, of a current of 1 mA for one 
houry-but may have been deposited by the passage of 0.1 A for 0.01 
hours. To determine what ratios of charge currentsdischarge current 
would be permissableg devices containing a relatively large quantity of 
silver (equivalent to 10 mA hours) were charged by depositing silver 
onto the, opposing electrode for short periods at high currents and 
then discharging them by reversal of polarity and the employment of 
low currents. The circuitry shown in Figure 16 was used in charging 
units for short periods of time (between 0.025 seconds and 0-30 
seconds). In the experiments conducted, accuracy was found to be 
within 1% at charge currentsdischarge current ratios up to 1000ol, 
A graph illustrating the changes in potential across devices 
operating at, various temperatures is shown in Figure 17- In these 
experiments9 a quantity of silver equivalent to 200 microamperes for 
fý-minutes was initially present on the anodeq and the devices wereý 
discharged at a current of 200 microamperes. The experiments were 
conducted using the circuitry shown in Figure 189 in which a digital 
voltmeter was employed for taking readings of potential drop, 
(cont'd on p. 201) 
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The circuitry shown in-Figure 19 was employed in both testing of 
devices for reversibility and incorporation into a component assembly 
containing the electrochemical device and the circuitry together with 
the appropriate switching functions to reverse the polarity after each 
timing operation. In this circuitq the resistance increase across the 
device is accompanied by illumiýation 'of tbýelight bulb and'by a 
cessation of current supply to-the device. Timing accuracy was found 
to be within 5% after a total of 15 reversing operations. The resistor 
Rp which limits the current through the cellp may be varied for fine 
adjustment of-the Itriggeringl-time., -- -. - 1ý 
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The major applications of the electrolyte developed as being 
capable of use at temperatures between -65 
0C 
and +100 0C are in the 
electrochemical devices discussed in pages 182 - 202 of this thesis. 
Particular'applications, for these devices are mentioned below. 
Elapsed Time Indicators 
Some of the main applications of elapsed time indicators would be 
in the following areas# in which the indicators would be Performing a 
direct timing function. 
Aircraft instrumentation recording time between servicing schedules. 
Aircraft Maintenance and Environmental Systems. ' 
Airborne Communications Equipment. 
Battery Life Indication. 
Cycle Timing. of, Electrical Power Equipment. 
Electronic'Equipment and Instrumentation. _ 
Machine. and, Instrument-Warranties- 
Time Dela-v Devices 
A standard application of such devices would be to give visual 
indication of the passage of a preset elapsed time in areas as have 
been mentioned above for elapsed time indicators. In this instancep 
the application would be where a continuous monitoring of the passage 
Of elapsed time is deemed unnecessary. The circuitry as depicted in 
Figure 19p, page 2029-could be utilised in performing such a function, 
Ordnance. timing Operationsq in which a weapon requires arming at 
a preset distancep may also be accomplished by the employment of a 
time delay device. Further ordnance applicationag such as the setting 
of shells for detonation after a preset elapsed time from firingt would 
.ý also be possible. 
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As far as applications other than elapsed time indication and 
ordnance timingp further use of the work undertaken would be in 
connection with electroplating from non-aqueous media as a commercial 
process. Whilst no emphasis has been placed on the electrodeposition 
of metals not obtainable from aqueous mediap systems such as those 
examined could conceivably be utilised in electroplating various 
plastics. 
T 
In an examplep materials such as po2yolefines and polysulphones 
are at present electroplated by prior use of methods involving 
successively solvent swellingg 
ý: 
e tchingg surface activation with a 
noble metaly and electroless deposition. 
NpN-Dimethylformamide in particular was found to swell 
polypropylene and render the surface able to accept electrodeposits 
after subsequent etching and surface activation* It is feasible that 
an electrolyte based on NsN-dimethylformamide operating at elevated 
temperatures (6500 and containing stabiliabd palladium colloids, 
could be employed both for the pretreatment of a plastic surface and 
for the subsequent electrodeposition. Additions of acids for instancep 
have been seen to suppress decomposition of silver perchlorate/ 
NgN-dimethylformamide solutionsp and such additions would also serve 
to stabilise colloidal palladium within the same solution. 
An electroplating procedure as above would imply the use of one 
process step in lieu of at least ten of the operations which are 
presently employed in the most efficient commercial methods* 
I 
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The work described in, this thesis has been, concerned with the 
development of electrochemical. timing devicesp the prime objective 
being the, development of, anýelectroiyte, from, which electrodepcoitil 
could be generated over a temperature range of at least from -45 
0c 
0,, -- II. 
to +100 C. Activated primarily from such operational temperature 
range requirements9 studies were directed towards non-aqueous mediae 
From a consideration of their relevant physico-chemical properties, 
thwsolvents NpN-dimethylformamidet propylene carbonate and pyridine 
appeared to be suitable for, electrolyte solutions, from which I 
electrodeposits, could be generated over a wide rangeýof temperature* 
3. * From their-levels-of conductivity and the variation of such, with 
solubilitypAhe, salts silver nitrate andsilver perchlorate were 
found to be fully ionised in the solvents NvN-dimetbylformamide and 
. pyridine. 
Furtherg and on I the same basisq silver perchlorate was 
found to be fully ionised in propylene carbonate* 
2. Various metals may be electroreduced from solutions of their 
salts in the three solvents NpN-dimethylformamidep propylene 
carbonate and pyridine. These metals include bismuthp cobalt, 
Na 
manganese, leadq tin and zinc* 
3- Electrodeposits of iron generated from an electrolyte comprising 
ferric chloride in propylene carbonate were found to be more adherentq 
albeit dendriticp when produced from a solution utilising unpurified 
propylene carbonate (i. e. higher water content). 
4- Silver may be readily electrodeposited from solutions of its 
perchlorate and nitrate in the solvents NgY-dimethylformamide and 
pyridine and from a solution of its perchlorate in propylene 
carbonate. 
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5e 
' 
The, electrodepýosits produced from solutions as in 4, were: very 
dendritic when generated at high temperaturesýý>600C) and were dark 
and non-adherent when generated at low-temperatures (<Ooc). 
6* Upon electrolysis within a sealed systems dendrite formation 
resulted in "shorting, out' as the dendrites grew rapidly until contact 
was made with the anode. 
7- An increase in current density brought about a corresponding 
decrease in crystal sizeq with a pronounced tendency for the crystals 
to form dendritic structures at higher current densities* 
8., An increase in the temperature at which electrodeposits were 
generated resulted in an increase in crystal sizes 
I* 7- 
9-': An increase, in the temperature at which electrodeposits were 
generated resulted in a loss of angularity of the crystals, 
10,0 Aggregated crystal strueturesp such as those generated from 
solutions containing peptone additionsq were dependent in their 
fýFmation on the amount of addition agent present. Additions above 
and.. below a certain level resulted in the formation of oval (egg- 
shaped) crystals. 
. 1.1. Fine-grainedp, ltree-likel depositsp as generated from a solution 
Of, silver perchlorate, in NpN-dimethylformamide at -45 
0 Cq may be 
aggregated-to form larger crystal structures by additions of 
ammonium thiocyanate to the electrolyte. 
12 CryBtals produced from silver nitrate/NgN-dimethylformamide 
solutions were more angular and smoother faced than the deposits 
II 
produced under equivalent conditions from silver perchlorate/ 
NgN-dimethylformamide solu-tions. 
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139', Crystals produced from-silver perchlorate/Propylene carbonate 
solutions were-larger-and less angular than those produced under 
equivalent conditions from silver perchlorate/Nllf.;. dimethylformamide 
solutions. 
-14-'Electrodeposits generated from aqueous silver nitrate and silver 
Perchlorate solutions, containing no additionsp exhibited Poor 
coverage and had larger crystals than the deposits produced under 
equivalent conditions from NgN-dimethylformamide and propylene 
carbonate based solutions* Furtherg the crystals, generated from aqueous 
perchlorate solutions were less angular than those produced from 
aqueous nitrate solutions* 
15. The presence of addition agents in 'silver perchlorate/ 
NgN-dimethylformamide and silver perchlorate/pyridine electrolytes 
produced a marked effect on the nature of the electrodeposits* 
l6o' Additions of p-toluidine-2-BUlphonic aoidp sulphanilic acidp 
phenolp benzene sulphonic acid and dibenzylamine'to silver perchlorate/ 
NpN-dimethylformamide solutions all r-esulted*in 
. the-generation of 
roundedg, aggregated crystals* 
17- Additions of glycine, sulphosalicylic acid and p-bromobenzoic acid 
to'silver perchlorate/NvN-dimethylformamide solutions all resulted in 
-the formation of closely-packedg oval crystals; 
'surfaces composed of 
such were reflectiveý' 
18. Additions of triethanolamine or methylamine to silver perohlorate/ 
NOW-dimethylformamide solutions both resulted in the generation'of. l""' 
deposits which exhibited marked outward growth-characteristics* 
19. The deposits generated from silver perchlorate/pyýridine, solutions 
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we 
. 
re,. more'aggregated. and relatively free from dendritic structures 
than deposits generated, under equivalent conditions from 
Njlý7dimethylformamide, and propylene carbonate based solutions* 
20. The, presence of addition-, agents in silver perchlorate/pyridine 
solutions resulted in deposits which had different crystal structures 
yet which all had a tendency for aggregation across the substrate 
surface; in some instances dendritic growths formed laterally to the 
deposit surface. 
211-The promotion of lateral crystal growth in silver perchlorate/ 
N#N-dimethylformamide solutions by glycine additionsy and marked 
Ouiward crystýl growth using triethanolamine idditionsp was verified 
by reflection electron diffraction studies; 
22. A monomolecular layer of either p-toluidine-2-sulphonic acid or a 
reaction product of such was found to be present on the surface of 
deposits generated from silver perchlorate/NgN-dimethylformamide 
solutions containing p-toluidine-2-sulphonio acid. Deposits produced 
from a silver perchlorate/pyridine solution with the same additions 
displayed lateral growth and no monomolecular layer was present* 
23- Additions of ammonium thiocyanate to silver perchlorate/pyridine 
, 
solutions affected the deposits by the adsorption of silver sulphide 
in a preferred orientation. Furtherg such additions refined the 
crystals and resulted in an overall reduction of the surface 
aigrega'iion. 
24-, Solutions of silver nitrate, and silver perchlorate in the solvents 
NgN-dimethylformamide and propylene carbonate decomposed; the 
decomposition was accompanied by the formation of'iig7ht-s6nsiti've 
precipitates. This decomposition occurred less rapidly with 
-211- 
NgN-dimethylformamide based solutions; decomposition in both solvents 
was accelerated by an increase in temperature. Further, acid additions 
retarded decomposition. 
25-Solutions of silver perchlorate in pyridine were stable over the 
,-" -i 
temperature range -65 
oc to +1000C. 
26-IThe adherence, of electrodeposits generated at low temperatures 
: 
from a silver perchlorate/pyridine electrolyte may be improved by 
additions of a surfactant and also by-the prior application of, a 
Isilver strike' generated at an ambient temperature. 
27e Electrodeposits of silver generated at. low temperatures from a 
solution containing silver perchlorate in pyridine were brightened by 
discrete additions of, ammonium thiocyanate, to, the electrolytep. 
provided that the quantity of such additions was below a certain 
level'. 
28* Dendritic growth formationg as predominant in deposits generated 
at elevated temperatures in a sealed electrolytic systemp could not 
be, tsUpPressed-to: any great extent by the introduction of porous plugs 
--I Or. -glass sinters between the electrodes* I 
29. Dendritic growth formation from a silver perchlOratO/pyridine 
solution may be suppressed by the presence, of an-increased silver ion 
concentration* Furtherg such dendrite formations may be eliminated by 
discrete additions of additives which favour the production of 
roundedq aggregated crystal structuresq e. g. glycineq benzene 
sulphonic acid and p-toluidine-2-sulphonic acid. 
30. An electrolyte comprising 60 grams per litre of silver perchlorate 
-212- 
in, *pyridinev to which additions of p-toluidine-2-sulphonic acid, 
ammonium thiocyanate and Manoxol IB (surfactant) have been madep 
may, be employed for the generation of brighty adherenty and non- 
dendritic electrodeposits of silver over the temperature range 
650C to +1000c. 
v 
31i, An electrolyte as in 30 may be incorporated into an electro- 
chemical timing devicep the construction being as detailed in 
I. Figure Ilt page 187t which will operate at current densities 
equivalent to full-scale timing ranges between 50 and 5000 hours over 
the, temperature range -650C to +100 
0 C. 
- 
32. ', An electrolyte as in 30 may be incorporated: into an ordnance 
timing deviceq the construction being as detailed in Figure l4p 
pa go 195Y which will operate over the temperature range -65 
0C to +100 0 C. 
Further to the conclusions referred to abovep the following 
observations of visual appearance of the electrodeposits relating to 
the crystal structure as detailed by the photomicrographs were noted* 
(i) Whiter depositsp in generalp appeared to be characterised by the 
presence of definite crystalline forms of silver having some degree 
of angularity. 
- 
(ii) Dull deposits were all characterised by rounded structureB9 in. 
the form of nodularp dendritic growths or in the basic crystal forms* 
Extremely dull deposits were composed of roundedg crystal 
aggregates. 
(iv) Nodular growths were composed of small orystalsp each branch of 
a growth being terminated with a roundedq crystalline forms 
-213- 
(v) Reflective deposits appeared to be composed of smallp close- 
Packedq rounded forms. 
(vi) Poor coverage tended to be found only in bright deposit 
structures. 
(vii) A Progressive colour change in silver electrodeposits, 
white > dark greyp was associated with the following 
classifications of the deposit structures 
(a) Angular features of approximately equal size. 
(b) Essentially angular features with crystals of unequal sizes. 
I 
(c) Angular forms on a background of smallerp more rounded crystals. 
(d) Essentially roundedg definite crystal structurese 
(e) Roundedq conglomerate growth structure* 
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Debje-Htckel-ýOnsa ger'Equat ion 
A From the fundamental premise of considering an ion contained by 
an-6ppositely charged ionic atmosphere and the influence of an 
electric field upon such a systemp Debye and glu'ckel were able to 
relate the observed equivalent conductance at a particular 
concentration to that at infinite dilutionjO4 
105 
,,...,, 
Further modifications by Onsager resulted-in the Debye- 
w Mickel-Onsager equationg commonly referred to as the Onsager 
equation (iii)p in which 
Z++Z-*F+E2k00 (111) 'i 06 
6DkT TO 0 
where z+ and z- are the numerical valences of the ions, 
is the viscosity of. the mediump 
A, D-is the,, dielectric constant of the mediump 
k is the Boltzmann constanty 
P is the Paradayp 
V is the absolute temperatureg 
and Cq, the effective radius of'the ionic atmosphereq'is-given by 
ITC22 
2) 
3D 
Y 
(L -j niZi 
94409069006666669**00(iv) 
where n' and z represent the number per ml and 
valence of each-ion present* 
The factor w is defined byp w2zz (v) %q-) 
in which q is given byp q= Z+Z- + 
(z+ * Z-) (z,, 37+ 
where X.. and X-are the equivalent conductances of the 
indicated ions. 
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The effective radius of the ionic atmospherepIC, given above, 
together with the universal constants, may be substituted in 
equation (iii) to give 
. A= Ao- 29-15 z+ + z_) + 9.90 x 105A (C(Z+ + Q)i 
L2 
(DT)* (DT) 3/2. 
in which c is the concentration in gram equivalents per litre 
assuming the electrolyte to be completely in the form of free ions. 
In the particular instance of a uni-univalent electrolyte, 
z+ and Z- are unityp and w is 2- (2)*9 Equation (vii) thus reduces to 
A= Ao- -82 4 0-1 ... (viii) + 8.20 x 105, L ; ; 
(DT 
0 
(DT) 
where c represents the concentration either in moles per litre 
or in gram equivalents per litre. 
Equation (viii) may be written in the general formt 
0 
(A + BA) ol 000000000000000000*00oo. (ix) 
ýA=A where A and B are constants dependent only on the temperature and 
the solvent. 
The form of equation (ix) thus requires the equivalent 
conductance to vary linearly with the square root of concentration* 
0 
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Reflection diffraction from crystal planes occurs as illustrated 
in Figure 20(a)p the conditions for maximum reflection being in 
accordance with Bragg's Lawp viz. 
nX = 2dsin9 00*00000*0000000*0*(X) 
where n is an integery 
is the'Wavelengthq 
d is the distance between successive lattice planes (A; & BB) 
and 0 is the glancing angle. 
Furthery and as is shown in Figure 20(b), the ring radii of the 
observed diffraction patterns are related to the camera path lengtho LI 
andthe glancing angle, by 
(ring radius) R L. tan29 *0000000*60*0000*00(xi) 
At very small glancing anglesp tan28- 209 and sinO - 9; thus from 
(x) and (xi)s- 
R=L. 2 0 and nX 2dG 
Thereforet R XL (Xii) 
Td7n7-. 
By a knowledge of the radius.. of a known silver diffraction ring, 
the constant terA from equation (xii)9 being the product of the 
wavelength and the camera path lengthp may be accurately determined. 
Thusq lattice plane spacings of substances producing diffraction 
patterns additional to those of silverp may be calculated* 
The major crystal planes referred to in the text are illustrated 
in Figure 21. Planes in the face-centred-cubic crystal lattice are 
seen"as additional to the 
ý1001 
9 
ý1103, 
and 
flllý 
planes which 
completely describe the lattice structure, of the simple cubic form* 
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FIGURE 21 
MAJOR CUBIC LATTICE PLANES 
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